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EVIDENCE FOR THE CONTAINMENT OF A HOT, DENSE PLASMA IN A THETA PINCH 


T. S. Green 
Atomic Weapons Research Establishment, United Kingdom Atomic Energy Authority, Aldermaston, England 
(Received September 6, 1960) 


This Letter describes the results of some meas- 
urements which have been made of the axial con- 
tainment of a plasma in a high-power linear Theta 
pinch device.* An understanding of the axial con- 
tainment in linear devices is important in the 
future development of the Theta pinch due to the 
difficulty of using the closed toroidal form in 
which the plasma is not in stable equilibrium.’ 
Early experiments indicated that the plasma 
escaped rapidly along the axis of the tubes.*»* 
However, in more recent high-power experiments 
the emission of neutrons and soft x rays from the 
plasma for long times has suggested better con- 
tainment.®,® These observations have been fol- 
lowed by theoretical analysis of the problem 
which predicts that the axial flow can be inhibited 
by increasing the field strength at the ends of the 
tube to form magnetic constrictions and also by 
constrictions produced by the plasma itself due 
to the decrease in its transverse pressure as it 
flows out.”»® 

To study this problem experimentally, observa- 
tions have been made of the cross-sectional area 
of the plasma as a function of time using a high- 
speed framing camera which takes repetitive shots 
of the plasma at 0.25- microsecond intervals. 

The pinch is produced by the discharge of a 
100-u.f condenser bank through a single-turn 
primary coil, 21 cm long and 5 cm in diameter, 
wrapped round an alumina tube containing deute- 
rium gas at pressures in the range 50-200 mi- 
crons Hg. Normally the bank is operated at 30 
kilovolts producing a maximum electric field 
within the gas of 1 kilovolt/cm, and a magnetic 


field rising to 10° gauss in a quarter period of 
2.5 microseconds. 

Framing camera photographs taken at pressures 
of 110, 75, and 60 microns are shown in Fig. 1. 
At these three pressures, breakdown occurs on 
the second half-cycle. The photograph at 110 
microns is typical of those at pressures in the 
range 80-150 microns, showing a slow compres- 
sion of the plasma followed by an instability and 





110 MICRONS 





75 MICRONS 





60 MICRONS 


FIG. 1. Framing camera photographs in deuterium. 
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then a rapid decrease in the plasma radius. At 
60 microns and below, the plasma radius de- 
creases from the time of the first observation. 
Only in a small pressure range in the region of 
75 microns does the plasma appear to contract 
as the magnetic field increases and expand as it 
decreases. 

The dependence of the cross-sectional area of 
the plasma upon time can be observed from these 
photographs, assuming that the plasma fills the 
whole of the luminous region and neglecting the 
possibility of a small trapped core of field. A 
full analysis of these data in terms of the com- 
pression of a plasma from which particles are 
escaping and removing energy cannot be made 
without assuming a model for the escape mech- 
anism. However, it is possible to obtain a meas- 
ure of the energy content of the plasma energy 
at various times from a plot of the ratio V(t,)/V(¢,) 
against ¢,-¢,, where ¢, and ¢, are times for 
which the confining magnetic field intensities are 
equal, ¢, being on the first quarter-cycle and ?, 
on the second. 

It is assumed that the length of the plasma is 
constant and that V is therefore proportional to 
the measured cross-sectional area. The ratio 
V(t,)/V(t,) is then equal to A(t,)/A(t,). Measure- 
ments are made after the irreversible rapid 
compression stage and this ratio should hence 
be constant with time if the subsequent compres- 
sion is reversible, no energy being gained by or 
lost from the plasma. 

The results are plotted in Fig. 2 for 110 mi- 
crons and 75 microns. At 60 microns the plasma 
has diminished to such a small radius by maxi- 
mum field that this plot is not possible—it is 
apparent that the loss time is small compared 
with the quarter period. At 110 microns the 
plasma decays rapidly, but at 75 microns there 
is no appreciable decay within the time of obser- 
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FIG. 2. Variation of volume ratio. 
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vation. An exponential decay curve with a lifetime 
of 10 microseconds is plotted in the figure and 
comparison with the data shows that the lifetime 
is greater than this. 

It is therefore possible at 75 microns to analyze 
the data further since no energy is lost from the 
plasma and the adiabatic gas law can be applied. 
Assuming that the ion-ion collision time is short 
compared with the compression time, 


nk(T + _— =constant, 
where m =n, =n;=number of electrons or of ions, 
T; =temperature of ions, T, =temperature of 
electrons, and V =plasma volume (here assumed 
proportional to cross-sectional area). Also 


B Ad =constant (conservation of flux), 
where Bp =magnetic field inside the plasma, and 
nk(T. + T,) + B,'/én = B,*/8n (pressure balance), 
otherwise written 


= 2 
nk(T + T)) =BB, /8n, 


where B, =external confining magnetic field. 
These equations reduce to the condition 


B ?y%* -~ 
oteenet,. + -tderas 
| We 0 ‘r.- 

e0 0 0 


where the suffix 0 indicates the value at a time 
tp. Values of the quantity B,” V°/Bog Vo” 
derived from the data at 75 microns are plotted 
as a function of time in Fig. 3 and are compared 
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FIG. 3. Compression factor at 75 microns. 
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with curves calculated for 8, equal to unity and 

to 0.8. This comparison shows that 8, is greater 
than 0.8. Defined in this way, 8, is an average 
over the whole cross-sectional area measured, 
and hence it can be concluded that if the plasma 
does extend over all this region it has a 8 greater 
than 0.8; conversely, if 8 is exactly unity in the 
plasma then the plasma extends over at least 

80% of the area. 

Further, any pressure due to rotation of the 
plasma as a whole or as a set of filaments varies 
inversely as the square of the volume and affects 
the compression in the same way as trapped mag- 
netic field. It is thus possible from the above 
analysis to place a limit of 20% on the fractional 
pressure contributed by this rotation. 

Under these conditions it is possible to equate 
the plasma pressure, nR(T; +T,), to the confining 
magnetic field pressure. A value of m is obtained 
from the measured compression, assuming that 
all the gas initially in the tube is in the plasma. 
At the maximum field of 87 kilogauss, m equals 
2.3x10*? cm/cc and a value of 7, +7T;>8x10* °K 
is deduced, for 8 >0.8. 

At these temperatures and densities (assuming 
as a limit that T;>>T,) the ion-ion collision time 
(1.67%*/n) is 0.16 microsecond, and hence the 
assumption of y =5/3 for plasma is justified. 

This experiment was repeated at a bank voltage 
of 34 kilovolts at a pressure of 75 microns. Again 
a high degree of containment was obtained and 
8 was observed to be greater than 0.8. In this 
case the peak magnetic field was 99 kilogauss 
and m was estimated to be 2.4x10""/cc. Conse- 
quently T, +7T;>10" °K. 

Measurements were also made of the neutron 
yields at this pressure for these two voltages. 

At the higher, the neutron burst was nearly 
symmetrical about current maximum having a 
peak emission rate of 5x10°/cc usec; at the 

lower, the slope of the burst could not be deter- 
mined but the peak rate occurred near current 
maximum and was 5x10*/cc usec. Assuming a 
fully developed Maxwellian distribution of ion 
velocities, these yields correspond to ion tem- 
peratures of 610° °K and 8 x10® °K, respectively. 

An important question arises concerning the 
high degree of plasma containment in this case. 

At an ion temperature of 6 x10® °K the sound speed 
in the plasma is 1.610" cm/sec so that one 

would expect the plasma to flow out from a 20-cm 
long coil in 6x10~-’ second. It has been shown by 
Roberts’ and by Phillips and Wright® that this 

flow can be inhibited by the necking down of the 


plasma to a diameter determined by £ of the plas- 
ma, the escape time being increased by a factor 
1/(1- 8)”. To increase this time to be greater 
than 10 psec, 1 - 8 would have to be less than 107”. 

Furthermore, the reproducibility of results 
which require that 1-8 is less than 107? is un- 
likely in view of the complex ionization processes 
which determine the strength of the trapped field. 
An alternative suggestion is that the plasma is 
perfectly contained in a set of closed field lines 
which form around it, due to the existence of a 
magnetic field core inside the plasma which is 
reversed in sense relative to the confining field 
(Fig. 4). Reversed field lines have been observed 
in this pressure region. Alidieres et al.° have 
reported the existence of closed loops similar to 
those proposed in a low-power low-aspect ratio 
(length /radius) device which is observed to be 
unstable. 

In conclusion, the experimental investigation 
of plasma containment described in this Letter 
has shown that in a narrow range of pressures a 
high degree of containment is achieved. Further 
analysis of the state shows that the plasma has 
a high 6 and a high temperature. 

A more detailed account and analysis of experi- 
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FIG. 4. Models of plasma containment. 
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ments on plasma containment in a Theta pinch 
will be communicated in a future paper. 


The author is pleased to acknowledge the helpful 
discussion and criticism of his colleagues, in par- 


ticular of G. B. F. Niblett, and the assistance 
in obtaining the experimental observations given 
by G. Harding and P. Davidson. 
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LATITUDE AND ALTITUDE DISTRIBUTION OF GEOMAGNETICALLY TRAPPED PROTONS* 


S. F. Singer 
University of Maryland, College Park, Maryland 
(Received June 27, 1960) 


The present Letter forms an extension of ear- 
lier work on the nature and properties of radia- 
tion belt particles. We had postulated the exist- 
ence of trapped protons of cosmic-ray origin and 
calculated their energy spectrum.’ The input to 
the theory was the energy spectrum of cosmic- 
ray albedo neutrons which we deduced from an 
analysis of cosmic-ray “stars” obtained by the 
Bristol group.? We also determined at each alti- 
tude the maximum energy which could be trapped 
adiabatically by the geomagnetic dipole field.° 
By estimating a geometrical injection efficiency 
as a function of altitude we were able to calculate 
the trapped particle intensity in the plane of the 
magnetic equator and located a maximum of the 
intensity at between 1 and 2 earth radii.’ The 
existence of this maximum was subsequently 
confirmed,*»* as was the existence and general 
trend of energies of the trapped protons. °® 

Here we wish to derive a theory for the injec- 
tion coefficient and use it to calculate the latitude 
and altitude dependence. This extension is based 
purely on geometry and involves only the addi- 
tional fact that in the decay of the fast neutron 
the resulting proton preserves its direction. 
Clearly, a proton can be injected only when its 
parent neutron comes from the direction of the 
earth. At every point in space, we can draw a 
cone tangent to the earth’s upper atmosphere, 
which we shall call the 6 cone. (The allowed in- 
jection directions are contained within the 5 cone 
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and are assumed to be isotropically distributed 
except for energies much beyond about 250 Mev.) 
Now at the same point in space we can also draw 
a cone corresponding to the pitch angle of a par- 
ticular particle trajectory, with the local mag- 
netic field as the axis of the cone. This cone we 
shall call the a cone. Thus injection at that 
point into a particular pitch angle a can only oc- 
cur to the extent that the a cone and 6 cone in- 
tersect. Clearly, if the a cone lies completely 
inside the 5 cone, then the injection coefficient 
n=100%. If the a cone is outside of the 5 cone, 
then 7=0. 

We start by finding the slope of a line of force 
at a point 7,A as 


tané = cota(? sec”, -1), (1) 


where \ is the latitude angle measured from the 
equator. The slope is zero at ) =35°, or at 
r=4%r,. We next define the angle 8 between the 
axes of the a cone and 6 cone: 


B=A+8. (2) 


It can be seen from this definition that the a and 
6 cones will just touch when a+65=8. 

In general, we can calculate the angle of inter- 
section, i.e., the fraction 7 of the a cone which 
falls within the 5 cone when a+5> +0, from 
spherical trigonometry in terms of a, 2, and @. 


cos(nm) = (cosé - cosa cosg)(sina sing). (3) 








Ss = «as ~~, ee = 


(1) 
he 
e 

(2) 
ind 


er- 
ch 


(3) 








VoLUME 5, NUMBER 7 


PHYSICAL REVIEW LETTERS 


OcroBeER 1, 1960 








Underlying our treatment is one basic assump- 
tion, namely that the scattering of protons can 
be neglected. We have already derived this con- 
dition,’ but it can also be obtained from simpler 
considerations by noting that the energy loss of 
protons is mainly to electrons of the atmosphere 
and that the electrons, having a Smaller mass, 
can take energy from them but cannot scatter the 
protons appreciably. Hence the trajectory of a 
trapped proton will remain with its mirror points 
fixed in space, with the orbit gradually shrinking 
down upon its line of force as the proton loses 
energy and its radius of curvature is reduced. 
Hence all geometrical calculations concerning 
the orbit are independent of the proton’s velocity 
but depend only on the equatorial distance of the 
particular line of force, defined by r,, and upon 
the equatorial pitch angle of the proton, ap, 
which is assumed not to change during the effec- 
tive life of the proton. 

In order to find the injection coefficient as a 
function of y, and a,, we must integrate 7 over 
particular orbits. 

Zz 


zm m <8 
™ ” ndz dz 
nly,» a) “f =! f #)] ° (4) 
0 0 


where z is the length along the line of force meas- 
ured from the equatorial plane. We have carried 
out this calculation by numerical methods and 

have been able to derive approximate expres- 
sions for 7 in terms of rg and ap: 


770.2347 *58 (sing - 1.127 ~%7?)2+0.407 ~1-®, 
e e e e 


(4’) 


e? 





By making use of the same argument concern- 


ing the constancy of a proton orbit in space we 


can also derive the average atmospheric density 
seen by the proton as a function of rg and ap, 
which again is independent of the proton’s energy. 
We use here an equation similar to (4): 


z ‘ z 1° 
Pra.) £) f = ‘ (5) 
0 0 


This expression we have evaluated numerically’ 
using the density of the outer ionosphere derived 
from an analysis of radio whistler data.* Be- 
Cause of the nature of this derivation our analysis 
applies only to altitudes greater than about 1000 
km. Below this altitude neutral oxygen atoms 
predominate and follow a density distribution 





given by the theory of a neutral exosphere.° 
(This effect can be seen clearly in Fig. 2.) 

Having derived 7 and p, we can use these ex- 
pressions in our earlier treatment to replace 
the average 7 and average p used there.’° In this 
manner we now derive more precise expressions 
for the differential directional intensity, which 
now depends on r, and a, through 7 and p: 

1G; 1540,)=FCy/2a)(Cy "87 * (ac) 


=C,(i/p)p ”* . (6) 


Here C,=9x10"**, C,=2.6x10°°(Z/A)cp, y =2.6, 
and B=v/c. 

But now it follows from Liouville’s theorem 
that the directional intensity along any dynamical 
trajectory remains constant. Hence, having 
found j(r,, a,) we can find j(y,a@) at any point 
along the same line of force. .We must take into 
account of course that a, and a are related by 


2 _ 
sin a,/B, sin*a/B, 


or 


sin?a = sin’a, (4-3 cos?,)”*/cos*x. (7) 


Having obtained the differential directional in- 
tensity at all points in space, it now remains to 
carry out the necessary integrations. If we wish 
to compare with the results from an omnidirec- 
tional detector, we must integrate over the com- 
plete solid angle as well as over the energy 
range given by the minimum energy which the 
counter will accept and the maximum energy 
which a magnetic dipole field can trap. We have 
carried out such integrations using a lower limit 
of 30 Mev to correspond to a simple thin-walled 
Geiger counter,‘ and 75 Mev to correspond to a 
lead-shielded counter telescope, as used by the 
University of Chicago group."! For the high- 
energy cutoff we have used our formula given by 
the breakdown of the adiabatic relation.*» ” 

The results are shown in Fig. 1 and Fig. 2. It 
can be seen that the contours of equal counting 
rate show a remarkable resemblance to contours 
which have been obtained experimentally*> *. 

One outcome of these calculations, directly tied 
to the breakdown of the adiabatic condition, is 

the fact that a detector with a higher low-energy 
threshold should show contours which are com- 
pressed towards the earth. This is a consequence 
of the fact that the maximum energy which can be 
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FIG. 1. Contours of omnidirectional integral inten- 
sity of trapped protons near the earth, calculated from 
the theory of this paper. As inputs we use an albedo 
neutron spectrum deduced from results of the Bristol 
cosmic-ray group,” and an atmospheric model which 
represents our best present estimate.*»* The mini- 
mum energy is taken to be at 75 Mev (corresponding 
to the threshold of the cosmic-ray detector uséd in 
Explorer VI); the maximum is set by the trapping abil- 
ity of the geomagnetic field. ' 


trapped by the magnetic field decreases with in- 
creasing altitude. It will be important to con- 
firm these conclusions by appropriate experi- 
ments. 

I want to express my thanks to Mr. A. M. Len- 
chek for valuable discussion and assistance in 
carrying out the calculations. 
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*U. Camerini et al., Phil. Mag. 41, 413 (1950); 
also in Progress of Cosmic-Ray Physics (North Hol- 
land Publishing Company, Amsterdam, 1952), Vol. 1. 
From their data on protons from nuclear emulsion 
stars at balloon altitudes we derive an energy spectrum 
of the form E~'-*dE for the upward-emitted albedo pro- 
tons, and therefore for the albedo neutrons and injected 
protons. W. N. Hess, Phys. Rev. Letters 3, 11 
(1959), has quoted a spectrum which is quite similar, 
i.e., E~?dE, based on a measurement at an altitude of 
200 g cm~? with a bismuth fission counter sensitive to 
neutrons in energy range 70 Mev-5 Bev [W. N. Hess 
etal., Phys. Rev. 116, 445 (1959)]. It is not easy to 
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FIG. 2. Omnidirectional integral intensity of trapped 
protons vs altitude in the equatorial plane. Curves are 
calculated for a minimum energy of 30 Mev (corre- 
sponding to an unshielded Geiger counter‘) and for a 
minimum energy of 75 Mev (corresponding to a shielded 
detector).'! We also show the effect produced if the 
Alfvén discriminant is lowered to 0.06 (corresponding 
to Pp = 1000 Mev/c),'? as it well might be during per- 
iods of intense magnetic storm perturbations. The 
break to be expected at an altitude of ~1000 km has 
been discussed earlier’»* and is based on a theory of 
the altitude distribution of atmospheric density in an 
exosphere. ® 
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Reference 3, Eqs. (2) and (3). 

lic, Y. Fan, P. Meyer, and J. A. Simpson, in 
Space Research, Proceedings of the COSPAR Sympo- 
sium, Nice, January, 1960 (North Holland Publishing 
Company, Amsterdam, 1960). 

'2~he critical value X¢ of the Alfvén discriminant, 
p gradB/B, is determined empirically as 0.08 from 








the location of the “slot” at 7p = 2 earth radii in the ex- 
periments of the Chicago group.'! The maximum mo- 
mentum trapped is then given as ~1500/r,* (Mev/c) 

and is greater than the value used in reference 3. This 
simple treatment applies to the basic inhomogeneity of 
the dipole field. Scattering effects produced by “noise” 
of the geomagnetic field, i.e., spatial inhomogeneities 
and temporal fluctuations, cannot be taken into account 
on an a priori basis, but are believed to be included 
when the Alfvén discriminant is obtained empirically. 





COHERENCE, NARROWING, DIRECTIONALITY, AND RELAXATION OSCILLATIONS 
IN THE LIGHT EMISSION FROM RUBY 


R. J. Collins, D. F. Nelson, A. L. Schawlow, W. Bond, C. G. B. Garrett, and W. Kaiser 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received August 26, 1960) 


Schawlow and Townes! have proposed that, with 
a sufficiently great inverted population density in 
a radiating assembly of atoms, enclosed in a 
suitable cavity, stimulated emission of light will 
occur cumulatively, leading to (1) decrease in 
lifetime, (2) spectral line narrowing, (3) coher- 
ence in the electromagnetic field, and (4) sharp 
directionality of the radiation leaving a Fabry- 
Perot cavity. The use of a ruby rod for the ob- 
servation of these effects has been proposed by 
Schawlow.? Recently Maiman® has observed a 
decrease of the lifetime and a narrowing of the 
line shape for ruby fluorescence. The present 
experiments extend this work to verify the coher- 
ence and directionality of the radiation and to 
measure the linewidth. In addition we have ob- 


served a relaxation oscillation in the fluorescence. 


The samples of Linde Al,O, containing approxi- 
mately 0.05% chromium oxide were prepared in 
the form of rods 0.5 cm in diameter and 4.0 cm 
in length, cut either parallel or perpendicular to 
the c axis. The ends were optically polished and 
were flat and parallel to one minute and were 
silvered so as to transmit 1 to 5%. At room 
temperature, the samples were set in the middle 
of a GE FT524 flashtube, which was surrounded 
by a cylinder coated with magnesium oxide; the 
flashtube was fired by connecting to a bank of 
condensers charged from a high-voltage supply. 
In the low-temperature measurements a small 
Dewar containing the sample was held inside the 
lamp coil. A typical discharge condition was a 
Capacity of 400 uf and 4 kv. 

In the first experiment, arrangements were 
made to look in turn at fluorescent light emitted 


through the silvered ends and from the sides of 
the rod. The light was allowed to fall on the en- 
trance slit of a Jarrell-Asch 78-400 grating 
spectrometer adequate to resolve the R, and R, 
lines, occurring at wave numbers 14400 cm™ 
and 14430 cm“, respectively. The output of the 
photomultiplier detector was displayed on a dual- 
beam oscilloscope. The collector circuit time 
constant was of the order of 10°* second. Under 
low excitation conditions the oscilloscope traces 
showed simply the expected fluorescent rise and 
decay [Fig. 1(a)], the ratio of the intensity of the 


(c) 
(b) 


(a) 





FIG. 1. Trace (a) shows decay of fluorescence of 
the R, line for low excitation level (time scale 1 
msec/div). Trace (b) shows patterns at high excita- 
tion level. Note the break in trace after 500 usec 
when stimulated emission begins (time scale 500 
usec/div). Trace (c), with a 10° decrease in gain com- 
pared to (b), shows 100 usec of the stimulated emis- 
sion region (time scale 10 usec/div). 
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R, and R, lines being of the order of unity both 
for light emerging through the ends and from the 
sides of the rod. When the energy discharged 
through the lamp exceeded some value in the 
vicinity of 2000 joules, the ratio (R,/R,) for the 
light seen through the silvered ends, was found 


to increase by as much as three orders of magni- 


tude. The light emerging from the sides of the 
rod, however, still showed a ratio of the order 
of unity. Under these conditions the time de- 
pendence of the R, signal, as observed through 
the ends, was of a character entirely different 
from that observed below the threshold. In 
Figs. 1(b) and 1(c) are shown two traces of the 
R, signal. One trace shows the complete fluo- 


rescent emission on a time-base 5x10~* sec/div; 


on the other, an interval between 5x10~* and 
1x10°* second is displayed on a faster time- 
base. It will be seen that the excess signal in 
the R, line consists of a series of very intense, 
very short spikes in the emission. Note that this 
observation differs in an interesting way from 
the “lifetime decrease” reported by Maiman.*® 

In our experience the spike phenomenon was 
more pronounced, the heavier the silvering and 
the more nearly perfect the geometry. The du- 
ration of each spike is not greater than the in- 
strumental resolving time (10°® sec). The in- 
terval between spikes has been found to decrease 
as the exciting intensity is increased. Phenom- 


ena of this sort have been observed at microwave 


frequencies in ruby masers.* One possible ex- 
planation® which can be given is that the stimu- 
lated emission, once it sets in, proceeds at a 
rate greater than that at which atoms are being 
excited to the E(?E) state. When this occurs, the 
stimulated emission may drive the inverted po- 
pulation below the level at which the process 
first sets in, so that, when the stimulated emis- 
sion is finally quenched, some definite time in- 
terval will be required for the negative popula- 
tion to be restored. 

In order to explore the directionality and line 
narrowing of the light emitted through the ends, 
arrangements were made to focus the light 
through a 500-mm telephoto lens set to infinity, 
on a photographic film. Photographs could be 
taken either directly or through a Fabry-Perot 
etalon placed in front of the lens. The direct 
photographs made with an excitation below the 
stimulated threshold gave practically uniform 
darkening of the negative; above threshold, the 
darkening was confined to a roughly circular 
patch of the order of 0.3 to 1.0 cm in diameter. 
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This shows that the stimulated emission light is 
confined to an angle of the order of 0.3° to 1° 
from the axis perpendicular to the silvered faces 
of the sample. In some photographs structure is 
visible in this spot, occasionally consisting of a 
large number of dots, each of the order of 10°? 
cm in diameter, and occasionally of a mosaic 
structure. With the Fabry-Perot etalon, witha 
spacing of up to 10 mm, fringes could be seen in 
the area of the spot. Figure 2 shows a typical 
fringe pattern obtained with a 10-mm etalon. 
The etalon was inclined at an angle of about 1° 
to the axis of the telescope in order to show seg- 
ments of several rings within the cone of illumi- 
nation. From the width of the fringes, the spec- 
tral linewidth is estimated at about 0.2 cm™ as 
compared with the normal R, linewidth of 6 cm”, 
Note that the fringes do not become broader at 
the edges of the illuminated patch; thus, all of 
the light emerging in the stimulated emission 
cone is narrowed to the same extent. Note also 
that the frequency of the stimulated emission is 
constant to the above-quoted wave-number figure 
in spite of the existence of a large number of 
spikes. In some experiments at higher excitation 
levels the negatives showed not one but several 
ring systems, some of which were at least a 
factor of three sharper than others. 

To investigate the coherence of the stimulated 
emission across the silvered end of the crystal, 
an experiment was carried out to look for Fraun- 
hofer diffraction. A rectangular aperture 50. 

x 150 » in size was left in a heavy silver coat- 
ing on one end of the rod, and the light emerging 
therefrom was inspected with a camera set to 





FIG. 2. Interference fringes obtained with a Fabry- 
Perot etalon of the R, line at high excitation level and 
with the sample in liquid nitrogen. The interorder 
spacing is 0.5 cm™, 
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infinity. The image was found to consist of the 
anticipated Fraunhofer diffraction pattern for a 
rectangular aperture illuminated by wavefronts 
approximately plane and approximately coherent. 
This pattern disappeared when the excitation was 
reduced below threshold. The choice of the 
small dimension of the aperture was such as to 
lead to an angular spacing of the diffraction 
fringe of the order of the angular divergence of 
the stimulated emission light. 

We believe that the approximate parallelism of 
the light and the existence of the Fraunhofer 
fringes are clear evidence for coherence over a 
distance across the end surface of the order of 
100 wavelengths. - 

Some further experiments were carried out 
with the crystal immersed in liquid nitrogen. 
Under these conditions it was found (1) that the 
threshold for the appearance of the stimulated 
emission phenomenon was ~30% lower than at 
room temperature, (2) that the R, line was nar- 
rowed by a further factor of 2 or more (but note 
that the unnarrowed line is itself a factor of 5 
or so sharper than at room temperature), and 
(3) that the degree of parallelism was not signifi- 
cantly changed. 

The degree of perfection of the crystals was in- 
vestigated by x-ray techniques. The orientation 
of the c axis was found to vary down the length 
of the rod by as much as + 1°; this may corre- 


spond to local variations in refractive index of 
the order of several parts per million. In addi- 
tion the investigation revealed the presence of 
strain. Therefore, even though the ends are flat 
and parallel to one minute or so, the optical path 
lengths from end to end must vary by at least 
five wavelengths. Thus it seems unlikely that 
there is coherent excitation of a single decay 
mode of the crystal etalon. Rather it is probable 
that there is a coherent excitation of a large num- 
ber of modes at once, although a small fraction 
of the total modes. 

The energy emitted through the silvered ends 
and within the cone during a single pulse, as has 
been shown, was highly monochromatic and con- 
sisted of ~10~* joule. For such a light source 
this corresponds to an effective temperature of 
~10*° °K. 





1A. L. Schawlow and C. H. Townes, Phys. Rev. 112, 
1940 (1958). 

24. L. Schawlow, in Quantum Electronics, edited by 
C. H. Townes (Columbia University Press, New York, 
1960). 

’T, H. Maiman, Nature, 187, 493 (1960); British 
Communications and Electronics 7, 674 (1960). 

4c. Kikuchi, J. Lambe, G. Makhov, and R. W. Ter- 
hune, J. Appl. Phys. 30, 1061 (1959). 

5H. Statz and G. deMars, in Quantum Electronics 
(see reference 2). 











NUCLEAR SPIN-LATTICE RELAXATION IN VANADIUM METAL 


J. Butterworth 
Metallurgy Division, Atomic Energy Research Establishment, Harwell, England 
(Received August 19, 1960) 


From a comparison of the measured values of 
the Knight shift, AH/H, and the spin-lattice re- 
laxation time, T,, of the nuclear magnetic reso- 
nance in a metal, information can be derived 
about the state of the electrons in the metal. For, 
as Korringa showed,’ if the electrons responsible 
for the shift and the relaxation behave as uncorre- 
lated electrons of largely s character, the follow- 
ing simple relation exists between T, and AH/H: 


T,(AH/H) =(i/nkT)(B1/u)’, (1) 
where T is the absolute temperature, and 8 and 


# are the magnetic moments of an electron and 
nucleus, respectively, while the other symbols 


have their conventional meanings. Conversely, 
departure from the Korringa relation indicates 
departure of the electrons from such simple 
behavior. 

This note reports the results of measurements 
of T, in vanadium metal, and some inferences 
drawn from them. The results are of some 
interest because they are the first reported ac- 
curate measurements of T, in a transition metal, 
where the unfilled shell of d electrons might be 
expected to influence strongly the nuclear mag- 
netic resonance. As a probable consequence of 
these electrons, the results show much the larg- 
est departure from the Korringa relation observed 
so far. 
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The sample was initially prepared electrolyti- 
cally by the U. S. Bureau of Mines Electrometal- 
lurgical Section, and was found by analysis to 
have a purity of 99.7%, the principal impurity 
being 0.09% by weight of dissolved iron. 

The measurements of relaxation were made at 
temperatures of 20.4°K, 77.3°K, and 292°K, and 
at a frequency of 11.000 Mc/sec by an improved, 
pulsed radio-frequency method incorporating 
coherent detection and post-detection integration. 
The pulse sequence used consisted of an initial 
1/2 pulse followed after a variable period by a 
further 7/2 pulse. 

The value of T, was found to vary inversely as 
the absolute temperature, T, from 292°K down 
to 20.4°K, with 7,T equal to (0.788+ 1%) sec °K, 
indicating that, over this temperature range, the 
dominant mechanism of spin-lattice relaxation 
is the interaction between the nuclear spins and 
the spins of the conduction electrons. 

If we assume that the electrons producing the 
spin-lattice relaxation are behaving as uncor- 
related electrons of mainly s character and use 
the measured value of T,T in Eq. (1) we can cal- 
culate the value of Knight shift such electrons 
would produce. By this means we derive a value 
of AH/H of 0.219%. Measured values, however, 
are some 2.5 times this, ranging from 0.55%? 
to 0.58 %.° 

Such a discrepancy is in the wrong direction to 
be explained by invoking electron states of other 
than s character, for such states would merely 
contribute to the relaxation without affecting the 
shift. Furthermore, because of their low spin 
density at the nucleus, their effect on relaxation 
would be small. 

Consequently, we assume that 7, is largely 
determined by the effective density of s states 
at the Fermi surface. As this density appears, 
from the temperature-independence of T,T, to 
be constant, and because of the lack of a plausible 
mechanism for prolonging T,, we conclude that 
A4H/H and, hence, the spin paramagnetism of 
the s states are enhanced by a factor of about 2.5. 

However, further information about the rela- 
tion of the effective density of states of the con- 
duction electrons to their spin paramagnetism, 
Xm, can be derived from measurements of the 
coefficient of electronic specific heat, y,, and 
the magnetic susceptibility of the metal.* 

The measured value of y, in vanadium’ is 8.8 
x 107° joule/gram atom deg’. If we again assume 
that the electrons are uncorrelated, we obtain a 
value for the spin susceptibility of these electrons 
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of 122 x10~° emu/gram atom. Childs et al.® have 
measured the total susceptibility of vanadium 
and after making small corrections for diamag- 
netism have arrived at a value for the spin sus- 
ceptibility of 308 x10~* emu/gram atom. Thus, 
the spin susceptibility of the mainly d-type elec- 
trons at the Fermi surface is greater than that 
expected from their effective density of states 
by the same factor, 2.5, as for the s electrons. 

In the present state of theory the explanation 
of this surprising coincidence must be to some 
extent speculation, but in the absence of any 
better theory, it is suggested that the enhance- 
ment of the susceptibility is a result of exchange 
interactions between the conduction electrons, 
while one interpretation of the fact that the sus- 
ceptibility of the s electrons is enhanced to the 
same high degree as that of the d electrons is 
that there is such thorough admixture of s states 
and d states at the Fermi surface, that they are 
equally affected by exchange effects. 

From the measured values of T, and yg, we can 
deduce approximately the proportion, ¢, of the 
electrons at the Fermi surface having s character, 
by means of Korringa’s formula, 


T~'=2nkTh~ t?n*(E,)a*(s), (2) 


where n(E,,) is the total density of states at the 
Fermi surface, obtained from y,, and a(s) is 
the hyperfine coupling constant for an s electron. 
Using the value of a(s) calculated by Knight’ in 
Eq. (2) leads to a value for & of 0.17. The fact 
that such a reasonable value for ~ can be obtained 
from T, alone tends to substantiate the view that 
the departure from the Korringa relation is 
mainly due to enhancement of the Knight shift. 

Thanks are due to Dr. L. E. Drain, Dr. W. E. 
Gardner, Mr. A. D. Le Claire, and Dr. W. 
Marshall for helpful discussions, and to Mr. B. 
Lent for experimental assistance. 





'J. Korringa, Physica 16, 601 (1950). 

*w. Knight, in Solid-State Physics, edited by F. 
Seitz and D. Turnbull (Academic Press, New York, 
1956), Vol. 2, p. 122. 

3L. E. Drain (private communication). 

‘nN. F, Mott and H. Jones, Theory of the Properties 
of Metals and Alloys (Oxford University Press, New 
York, 1936), pp. 179-185. 

*w. S. Corak, B. B. Goodman, C. B. Satterthwaite, 
and A. Wexler, Phys. Rev. 96, 1442 (1954). 

SChilds, Gardner, and Penfold, Phil. Mag. (to be 
published). 

'w. Knight, reference 2, p. 120. 
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VALENCE BAND PARAMETERS IN SILICON FROM CYCLOTRON RESONANCES 
IN CRYSTALS SUBJECTED TO UNIAXIAL STRESS 


J. C. Hensel and G. Feher 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received August 29, 1960) 


Cyclotron resonance’? has been highly effective 
in the elucidation of the shapes of conduction 
band edges for silicon and germanium. The situ- 
ation is less satisfactory for holes due to the 
degeneracy of the valence band at k=0. Here 
the coupling between bands gives rise to fluted 
energy surfaces which broaden and shift the reso- 
nance lines, making an accurate determination 
of their centers difficult. An even more funda- 
mental drawback is the fact that from “classical” 
cyclotron resonance data one cannot specify the 
signs of two of the three valence band inverse 
mass parameters. This ambiguity, in principle, 
could be resolved by investigations of the quan- 
tum effects** arising from the anomalous spacing 
of the low-lying Landau levels. The present 
Letter outlines another procedure to determine 
all three parameters directly by utilizing a uni- 
axial stress to decouple the degenerate bands. 
Preliminary results have been obtained for cyclo- 
tron resonance in silicon single crystals sub- 
jected to stress in the [001] and [111] crystallo- 
graphic directions. 

At k =0 the valence band of silicon has the 
character of a p,,. multiplet with 4-fold degen- 
eracy. If the cubic symmetry of the crystal is 
removed by the application of a uniaxial stress, 
the 4-fold degeneracy is lifted and two doubly 
degenerate bands are obtained. For a stress 
along [001] and [111] directions, the energy sur- 
faces become ellipsoids near k = 0 with their 
principal axes in the direction of the applied 
stress. For quantization in these stress direc- 
tions, the magnetic quantum number M7 becomes 
a good quantum number when the bands decouple. 
The energy surfaces are given by the dispersion 
relations 


E(k) =(A + 3B)k,? +(A + Bk)? x€, (1) 


and 


E(k)=(A+ qN)k ?+(A# gN)k Pte’, (2) 


for uniaxial stress along the [001] and [111] 
directions, respectively. The A, B, and N are 
the valence band inverse-mass parameters.’ 

The upper choice of signs correspond to the band 


identified by M,=+3/2 and the lower choice by 
My=+1/2. The splitting energies are € = 3D,,S 
and €’= §D,,’S’ in terms of the deformation poten- 
tials D,, and D,,’ of Kleiner and Roth® and strains 


S=T/(Cy, - Cy), S'=T/Cyg, (3) 


where T is the stress and c,,, C,,, and c,, are 
the elastic constants. 

From (1) and (2) it is evident that measure- 
ments of the anisotropy of the cyclotron effective 
mass m* under conditions of high strains will 
yield the values of the three inverse-mass param- 
eters A, B, and N. The choice of sign for B and 
N, however, is contingent upon knowing the 
signs of D,, and D,,’. The latter determine 
whether the M,;=+3/2 band or the My=+ 1/2 
band moves “up” and thus gives rise to the ob- 
served cyclotron resonance. The descending 
band depopulates and does not contribute to the 
resonance. 

The cyclotron resonance experiment was done 
at ~9000 Mc/sec and at a temperature of 1.26°K 
on silicon samples subjected to uniform, com- 
pressive stresses up to 1000 kg/cm? applied 
either in the [001] or the [111] directions. The 
rectangular-shaped samples, cut from a single 
crystal of 5000 ohm-cm Merck p-type silicon, 
were mounted in a TE,,, cavity near the ends of 
the cavity in regions of low electric field strength. 
The cavity was operated at very low power levels 
between 107° and 10~” watt to avoid microwave 
heating of the carriers. To produce the carriers, 
chopped white light from a tungsten lamp illumi- 
nated the sample via a quartz light pipe. 

Figure 1 shows a comparison of typical recorder 
tracings with and without strain. The light- and 
heavy-hole lines disappear under stress whereas 
a new line of intermediate mass forms.® This 
line is broadened at low strains due to incomplete 
decoupling of the bands so that some of the car- 
riers have sufficient energy to move into regions 
of k space where the energy surfaces begin to 
depart from ellipsoidal shape. Furthermore, the 
line was also observed to broaden and shift to 
higher mass when the microwave power was in- 
creased above 107° watt. 

The results of the anisotropy measurements of 
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FIG. 1. Typical recorder tracings of cyclotron 

resonance lines for silicon, (a) without strain and (b) 
with strain. For both tracings the magnetic field was 
in the (110) plane and inclined 20° from the [001] axis. 
The stress in (b) was parallel to the [001] axis. The 
higher mass electron line has been split by a slight 
misorientation of Hy out of the (110) plane. For the 
electron lines, wt =200 at 9000 Mc/sec and 1.26°K. 


the effective mass m* are shown in Fig. 2 for 


two cases having stress parallel to [001] and [111]. 


The magnetic field was rotated from perpendi- 
cular to parallel positions with respect to the 
stress direction— the anisotropy being independent 
of the crystallographic plane in which the mag- 
netic field was moved. The effective mass was 
found to be isotropic in a plane perpendicular to 
the stress direction, suggesting that the bands 
were well decoupled and the energy surfaces 
were axially symmetric. 

Our results are summarized in Table I. Since 
the question of signs of B and N rests upon the 
yet unknown deformation potentials D,, and D,,’, 
we have reported only the absolute values for 
these parameters. However, the following two 
conjectures can be made. The parameter N is 


Table I. Effective masses for valence band ellips- 
oids and inverse-mass parameter for stress along the 
(001) and [111] directions. 





{111] 
T =1090 kg/cm? 


[001] 
T =1220 kg/cm? 





m| /m= 0.196 + 0.001 
m, /m= 0.264 + 0.001 
A =(-4.23 + 0. 02)h*/2m 
|B| = (0.87 + 0. 02)?/2m 


m)/m= 0.128 + 0.001 
m,/m=0.401 + 0.001 
A=(-4. 26 + 0. 02)K?/2m 
|N| =(10. 64 + 0. 04)?/2m 
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FIG. 2. Effective mass for holes in silicon subjected 
to uniaxial stress, (a) along the [001] axis and (b) along 
the [111] axis. The curves were calculated assuming 
ellipsoidal energy surfaces with the principal axis 
along the stress direction. 


almost certainly negative,’ so the data imply 
that the M, =+1/2 band is “up” for a [111] stress 
and D,,’>0. Likewise a positive sign’ is favored 
in silicon for B, leading to the conclusion that 
the M, =+3/2 band lies higher for a [001] stress 
and D,,<0. Corrections have not yet been meas- 
ured for the shift in effective mass with increas- 
ing stress which presumably accounts for the 
small discrepancy between the two values of A. 
Experiments are presently being carried out to 
extrapolate m* to zero stress. 

As a final note, the cyclotron hole line in 
strained germanium has also been observed and 
a systematic study is in progress. 

We would like to express our appreciation to 
Professor W. Kohn whose suggestions initiated 
this study and also to Dr. Y. Yafet for many in- 
valuable discussions on these subjects. E. A. 
Gere and D. H. Sweet assisted in making the 
measurements. 
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1 PARAMAGNETIC RESONANCE ABSORPTION FROM ACCEPTORS IN SILICON 

G. Feher, J. C. Hensel, and E. A. Gere 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received August 24, 1960) 
In the past, several attempts to observe the soidal [see Fig. 1(b)]. Local random strains due 
paramagnetic absorption from acceptors in sili- to dislocations, imperfections, and lattice vibra- 
con were unsuccessful. The reasons for this tions are always present in a sample and will 
failure were pointed out by Kohn! and are asso- split the valence band by an amount AE =DS, 

' ciated with the degeneracy of the valence band in where D is the appronriate deformation potential 

] silicon. We wish to report in this Letter the ob- and S the internal strain. In an external magnetic 

4 servation of the paramagnetic resonance signal field H, the spin degeneracy is also lifted and 
from p-type silicon subjected to a uniaxial stress each band is split by the Zeeman energy 8h LH, 
which removes this degeneracy and thereby eli- where p» is the Bohr magneton and g, the hole g 

sted minates the difficulties encountered in previous value. We may distinguish the following two 

ong experiments. cases: 

g The structure of the valence band in silicon is AE =g,uH: This situation is illustrated in 
shown in Fig. 1(a). In the absence of strains the Fig. 1(c). Since the bands are not characterized 
bands are degenerate at k =0 and the energy sur- by a given M7 quantum number, all the six spin 
faces are fluted as indicated at the bottom of transitions indicated are allowed, which will re- 
Fig. 1(a). In the presence of a uniaxial stress sult in a very short spin-lattice relaxation time. 

ess the degeneracy is lifted and for large enough A sample with random internal strains will have 

ed strains the bands become decoupled and ellip- a distribution of AE values and hence a multitude 
=. 

as SE > gp,uH 

S- 

—AS- 

’ FIG. 1. Valence band in sili- fe . 

. He hn in tance of a . . AE *QhuH 

w ed uniax stress. — — 
(c) neuen ieee with SE * gph. — em 
All six transitions indicated are {N 

ad allowed. Resonance line will be | | [io0]; | by ot 
broadened and difficult to ob- ; ¥ 3 AE=DS H 

) serve. (d) Energy levels with Ai) l ! 

i 4E>>g, H, Transition fre- C> [010] 

‘a quencies aa’=bb’. Lines will 
not be broadened by random in- 
ternal strains and paramagnetic 
resonance is observable. 

(a) (b) (c) (d) 
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of possible spin transitions with different effec- 
tive g values. The resulting broadening of the 
resonance line will make its observation very 
difficult. 

SE >> gp ut: This situation can be easily real- 
ized by applying an external uniaxial stress to 
the sample. Figure 1(d) illustrates the case 
when the stress is applied along the [100] direc- 
tion. The bands may be characterized by their 
M, quantum numbers. The allowed spin transi- 
tions are AM grt 1. The g values in this situa- 
tion will be to first order strain- independent; 
the transitions bb’ =aa’, and therefore the in- 
ternal strains will be ineffective in broadening 
the resonance line. This represents the situation 
under which the paramagnetic resonance absorp- 4 
tion was observed. 

The experiments were performed on a p-type 
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FIG. 2. Paramagnetic resonance absorption from 
holes in boron-doped silicon (1.5 x 10'’ B/cm’) subject 
to uniaxial stress. T7||[100];H17. Note the broaden- 
ing and disappearance of the line as the strain is re- 
duced. The residual signal at zero strain is due to a 
background resonance and is also present in an empty 
cavity. 
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silicon sample at 1.3°K and ~9000 Mc/sec. The 
external compressive stress was applied by 
means of a calibrated spring whose tension could 
be varied during the experiment. The experi- 
mental traces from a silicon sample with 1.5x10" 
borons/cm*® subjected to a stress in the [100] 
direction are reproduced in Fig. 2. The broaden- 
ing of the line and its ultimate disappearance 
when the stress is removed is clearly observable. 

The hole g value is anisotropic and can be fit- 
ted with the expression g’=g,* cos*@+g)? sin’é, 
where @ is the angle between the stress axis and 
the external magnetic field. Figure 3 shows the 
experimental results obtained on different ac- 
ceptors in silicon subjected to stresses of 700- 
900 kg/cm”. The acceptor concentrations were 
approximately 10’ acc/cm*. Boron-doped sili- 
con was investigated in greater detail and the 
concentration was varied between 5x10'* and 
2x10'’ B/cm*. The g values in this region were 
found to be concentration independent and for a 
stress T of 800 kg/cm? along the [100] direction 
had values of 


£,=2.4340.01, g)=1.2120.01. 
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FIG. 3. g value vs angle for different acceptors in 
Silicon. The acceptor concentrations were approxi- 
mately 10'' acc/em*. A stress of 700-900 kg/cm? was 
applied in the [100] direction; the magnetic field was 
rotated in the (110) plane of the sample. Note the 
strong dependence of the g value on the binding energy! 
E; of the hole. The solid line represents the theoretical 
fit, g*=g,? sin’6 +g) cos*@. The lack of data along 
some parts of the curve is due to a background line 
which interfered with the acceptor resonance signal. 
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In all the samples a small stress dependence of 
the g value was observed. Its value for the 
boron-doped samples was found to be Ag, /AT 
=7x10°° cm?/kg. Experiments were also per- 
formed with the stress applied along the [111] 
and [110] directions. The g values for these 
stress directions differed by a few percent from 
the above quoted values. In order to evaluate the 
significance of these differences, experiments 
are presently being carried out to extrapolate 
the g values to zero stress. For free holes one 
can show theoretically that & y= 2x, where « is 
the additional valence parameter introduced by 
Luttinger,” and &i/84 =2. The best agreement 
with this ratio would be expected for acceptors 
with the smallest binding energy (boron), a fact 
which is confirmed experimentally. 

In the course of measuring the g anisotropy the 


angle 6 between the microwave field i, and static 
magnetic field H, was varied. (The misvenene 
magnetic field H, was parallel to the stress axis 
T). The transition probability between two pure 
M,=+ 1/2 states should be proportional to sin?é. 
By measuring the amplitude of the resonance 
signal we found a large deviation from the sin*é 
dependence which indicates an admixture of the 
M ,=+3/2 state. 

We would like to express our appreciation to 
W. Kohn whose remarks stimulated these experi- 
ments and to Y. Yafet and M. Lax for helpful dis- 
cussions. 





'W. Kohn, in Solid-State Physics, edited by F. Seitz 
and D. Turnbull (Academic Press, Inc., New York, 
1957), Vol. 5. 

*J. M. Luttinger, Phys. Rev. 102, 1030 (1956). 








NEW ELECTRON SPIN RESONANCE SPECTRUM IN ANTIMONY-DOPED GERMANIUM* 


R. E. Pontinen and T. M. Sanders, Jr.T 
School of Physics, University of Minnesota, Minneapolis, Minnesota 
(Received August 26, 1960) 


We report here the observation in the liquid 
helium temperature range of an apparently new 
electron spin resonance spectrum in antimony- 
doped germanium. The spectrum consists of 
four lines each with an anisotropic g factor. The 
four g tensors are ellipsoids of revolution with 
the symmetry axes pointing in [111] directions. 
The principal g values are in agreement with 
theoretical’ and experimental’ values for elec- 
trons in the four minima of the conduction band 
of germanium. Measurement of the temperature 
dependence of the intensity of the resonances and 
the independence of the intensity of the presence 
of far-infrared radiation indicates, however, 
that the spectrum is not due to electrons excited 
across a finite gap into the conduction band. 
Among the models which might fit the experi- 
mental behavior are electrons in an impurity 
band or a combination of an antimony donor and 
another point defect in nearest neighbor posi- 
tions. No similar spectrum has been, observed 
in arsenic-doped germanium. The resonance 
associated with electrons bound to the donors 
(previously reported by Feher, Wilson, and 
Gere*) is also observed in the same samples. 

We will refer to this resonance as the donor 
electron resonance, and to the four-line spec- 


trum reported here as the new resonances. 

The measurements were performed on five 
antimony-doped samples ranging in nominal im- 
purity concentration from 7x10** to 5x10" do- 
nors per cm® (0.4 to 0.06 ohm-cm room tempera- 
ture resistivity‘). The samples were oriented 
by reflection of light from etch pits® and were 
placed in a silver-plated brass reflection cavity 
in a two-bolometer bridge X-band spectrometer. 
The samples were mounted so that the micro- 
wave magnetic field pointed in the [110] direction 
and the static magnetic field could be rotated in 
the (110) plane. The cavity was located in a he- 
lium cryostat which includes provisions for tem- 
perature stabilized operation at temperatures 
above 4.2°K. The present measurements were 
made in the range from 1.2°K to 5.0°K. 

For electrons with a spheroidal g tensor, one 
has 


gs =8 cos*¢ +z sin’¢, (1) 


where g) and g, are the principal g values, par- 
allel and perpendicular to the symmetry axis, 
respectively, and @ is the angle between H, and 
the > Symmetry axis. For a general orientation 
of H, four resonances will appear, but for H, in 
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a (110) plane and the symmetry axes in [111] 
directions two of the symmetry axes lie in the 
plane and the other two are out of the plane but 
make equal angles with H,. Thus three reso- 
nances should be observed. We have determined 
the parameters & and g_ by plotting g* versus 
sin*¢ for the two spheroids whose symmetry 
axes lie in the plane of rotation. The data fit a 
straight line in such a plot and yield the values: 


g,=1.92240.007, g) =0.820+ 0.008. (2) 


These numbers are consistent with the conduc- 
tion electron values g, = 1.92+0.05 and gy = 0.87 
+ 0.05 reported by Wilson and Feher’ by observ- 
ing the g anisotropy produced in the spectrum of 
electrons bound to arsenic donors in germanium 
when the crystal is strained. The values are 
also consistent with the theoretical predictions 
of Roth and Lax’ for conduction electrons, 

&, =2.04+ 0.04 and gy =0.9. The g values pre- 
dicted by Eq. (1) using the parameters of Eq. (2) 
are plotted versus orientation of H, in Fig. 1. 
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FIG. 1. g factor of electrons in antimony-doped 
germanium. The theoretical curve is drawn for Hi, in 
the (110) plane. The sample is misoriented approxi- 
mately 1.5°. The donor resonance is not shown. @ is 
the angle between Hi, and the [001] direction. 
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On the same plot are shown experimental points. 
There appears to be good agreement, and the 
splitting of the resonances due to the spheroids 
whose symmetry axes are out of the (110) plane 
can be explained by a sample misorientation of 
approximately 1.5°. This misorientation does 
not appreciably affect the parameter determina- 
tion described above. The misorientation also 
serves to show that there are four resonances 
and excludes the possibility that the lines might 
be due to electrons in the low-lying triplet state. 
We find the width and shape of these resonances 
to be anisotropic and temperature independent in 
the range from 1.2°K to 5.0°K. The lines are 
somewhat asymmetric and have a width between 
inflection points varying from approximately 6 
gauss near g=1.92 to 17 gauss near g=1.1, the 
lowest g value observable with our magnet. An 
approximate upper limit for the product 7,7, 
can be set by our inability to saturate the lines 
at power levels up to approximately 1.5 milli- 
watts, i.e., microwave magnetic fields up to 0.2 
gauss. We obtain 7,<5x10-*® sec; 2x10-® sec 
<T,<3x10"" sec. 

The temperature and sample dependence of the 
spectrum has also been studied. The area under 
the absorption curves has been compared with 
the area under the donor electron resonance and 
also that produced by a DPPH sample located on 
another wall of the cavity. The data, which are 
not very precise, can be summarized as follows. 
For the samples studied, the number of electrons 
contributing to the new electron resonances is 
very nearly temperature independent from 1.2°K 
to 5.0°K. By contrast, the number of electrons 
contributing to the donor resonance decreases 
markedly as the temperature is raised.® The in- 
tensity of the new electron resonance in the dif- 
ferent samples is proportional to the doping and 
to the intensity of the donor electron resonance. 
The ratio of the number of electrons contributing 
to the new resonances to the number contributing 
to the donor electron resonance at 1.2°K is 0.026 
+ 0.003 for all samples studied. To obtain this 
last number one must evaluate the transition 
matrix elements for a spheroidal g tensor. An 
elementary calculation yields for our geometry: 


iM |?= I(f | - +H, |é)!?=(¢,8H,? (3) 


for the “in-plane” spheroids and 
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for the “out-of-plane” spheroids, where £ is the 
Bohr magneton, @ the angle used in Fig. 1, and 
g is given by Eq. (1). This is to be compared to 
\M |?= (3 gH,) for the isotropic case. The 
orientation dependence of the line intensities has 
been checked roughly and appears to be in agree- 
ment with Eqs. (3) and (4). q 

We have searched for the spectrum in germa- 
nium containing 7 x10** arsenic donors per cm*. 
In the temperature range 1.3°K to 8°K, no such 
resonances were found. We have also studied 
less extensively arsenic-doped germanium con- 
taining 7x 10** and 2.8x10'* donors per cm* and 
failed to observe any similar resonances. 

Finally we may remark that we do not yet un- 
derstand the nature of the states of these elec- 
trons. The possibilities we have considered in- 
clude electrons excited to the conduction band, 
electrons localized around a defect having axial 
symmetry, and electrons in an impurity band. 
None of these models seems to be consistent 
with all the data. Thermal excitation to the con- 
duction band is inconsistent with the observed 
temperature independence of the number of elec- 
trons contributing to the resonance and would in 
any case be expected to be negligible in this tem- 
perature range. Excitation to the conduction 
band by infrared- induced ionization of the donors 
seemed to be a possibility, but we have excluded 
it by a series of experiments in which we used 
infrared filters and sources which should have 
caused large changes in the intensity of far- 
infrared radiation at the sample. No changes in 
the resonances were detected. 

The spectrum may be produced by a combina- 
tion of an antimony donor and another point de- 
fect in a nearest neighbor position. This com- 
plex could produce four resonances having the 
required type of anisotropy. We can cite the 
following arguments against this possibility. 
First, the resonances are very much narrower 
than those of the electron bound to donors (6 
gauss compared with a minimum of 50 gauss). 
One would expect considerable hyperfine broaden- 
ing for such a defect, and this could not be mo- 
tionally narrowed without also varying the ani- 
sotropy. Second, the agreement between the ob- 


served g values and those of the conduction band 
would become fortuitous. Third, it is difficult 

to see why only antimony-doped samples should 
show such a spectrum and why complexes in- 
volving more distant neighbors are not seen. 
Fourth, the chances seem very remote that three’ 
percent of the donors in five modern germanium 
crystals would find themselves located next to a 
defect. 

Finally, we must consider the possibility that 
these are mobile electrons in the “impurity 
band” invoked to explain the anomalous low- 
temperature electrical properties of germanium.’ 
Our principal reasons for doubting this possibil- 
ity are the observed doping proportionality of the 
intensity of these resonances, and the observa- 
tion of the donor resonance in the same samples. 
We would expect the ratio of the number of elec- 
trons contributing to the two types of spectra to 
become markedly concentration- dependent when 
overlap effects become appreciable. However, 
this still seems the most likely possibility to the 
authors. 





*This research was supported in part by the U. S. 
Air Force through the Air Force Office of Scientific 
Research (ARDC) and by a grant from Research Cor- 
poration. 

TAlfred P. Sloan Foundation Research Fellow. 

'L. M. Roth, Phys. Rev. 118, 1534 (1960); L. M. 
Roth and B. Lax, Phys. Rev. Letters 3, 217 (1959). 

2D. K. Wilson and G. Feher, Bull. Am. Phys. Soc. 
5, 60 (1960). 

3G. Feher, D. K. Wilson, and E. O. Gere, Phys. 
Rev. Letters 3, 25 (1959). 

‘We are indebted to G. Reiland of Minneapolis Honey- 
well Regulator Co., W. F. Leverton of Raytheon 
Manufacturing Company, and G. Weinreich and H. G. 
White of Bell Telephone Laboratories for supplying the 
samples. 

°G. H. Schwuttke, J. Electrochem. Soc. 106, 315 
(1959). 

In correlating the area under the absorption curves 
with the number of electrons we have assumed non- 
degeneracy, i.e., the applicability of Curie’s law to 
all resonances. 

"See H. Fritzsche, Phys. Rev. 99, 406 (1955), for 
electrical properties, discussion, and references to 
earlier work. 
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DEFECT INTERACTIONS IN IRRADIATED CALCIUM-DOPED POTASSIUM CHLORIDE 


J. H. Crawford, Jr., and C. M. Nelson 
Solid-State Division, Oak Ridge National Laboratory,* Oak Ridge, Tennessee 
(Received July 21, 1960) 


The marked enhancement of the rate of forma- 
tion of F centers in alkali halides containing al- 
kaline earth impurity has long been recognized.'»? 
Recent studies of Etzel and Allard® have shown 
that the energy required for this structure-sensi- 
tive process is quite small in calcium-doped 
NaCl colored at room temperature. Rabin‘ has 
observed little expansion in NaCl crystals con- 
taining Ca** during x irradiation until the struc- 
ture-sensitive stage is exhausted. In view of the 
law of mass action: 


ae -E, /kT 

Ny Ny =Ae , (1) 
where Ny* and Ny are, respectively, the con- 
centration of cation and anion vacancies and E, 
is the energy of formation of a pair of isolated 
vacancies, and the fact that Ca** introduction 
enhances the concentration of cation vacancies, 
one would expect Ny to be drastically sup- 
pressed. Consequently, on this basis a decrease 
rather than an increase in the rate of F-center 
production would be expected in crystals doped 
with divalent cations. One must therefore con- 
clude that the presence of divalent alkaline earth 
impurity and the accompanying cation vacancies 
assist in some manner the creation of anion va- 
cancies by the ionizing radiation. 

Perhaps the simplest reasonable mechanism 
employs the isolated cation vacancy.° One may 
visualize the capture of a hole by a halide neigh- 
bor of the cation vacancy, the resulting halogen 
atom relaxing into the cation vacancy and the en- 
ergy released in the hole capture process assist- 
ing the anion vacancy so created to escape from 
the site of the event. This center can be de- 
scribed as a Cl, molecule-ion oriented in the 
(100) direction. Further ionization of the cen- 
ter by loss of an electron would lead to a Cl, 
molecule localized at the site of the original ca- 
tion vacancy. The mechanism satisfies the ex- 
perimental requirements of small energy absorp- 
tion® and small volume change* per F center. 

By electron spin resonance techniques, Hayes 
and Nichols’ have identified a center in Ca*t- 
doped KCl x- irradiated at 195°K which absorbs at 
323 mu with a Cl, molecule-ion oriented in the 
{100) direction. They attribute the center to 
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hole capture at an associated Ca**t-vacancy com- 
plex. Very similar centers were also observed 
in Sr**- and Ba**-doped KC] and their counter- 
parts in KBr containing alkaline earth impurity 
were observed as well. This type of center has 
the characteristics required by the mechanism 
described above, and, although Hayes and Nichols 
suggest that minor differences in peak position 
and thermal stability for the different alkaline 
earth ions indicate an intimate connection with 
the impurity ion in question, we submit that, 
since these differences are near the limit of ex- 
perimental precision, the peak near 325 mu in 
KCl may equally well be ascribed to an isolated 
cation-vacancy which has been converted to Cl, 
and an anion- vacancy by hole capture.® 

The 325-my band in KCl:Ca begins to disappear 
relatively rapidly on warming to the vicinity of 
-40°C. The purpose of this note is to describe 
the decomposition products of the center. As 
mentioned above, further decomposition of the 
Cl, center may occur by the process 


CL, =G4P +e". (2) 


This reaction would not appreciably affect the F 
band, since it occurs above the temperature at 
which the F’ band is stable (~200°K). Crystals 
of KCl containing 2.6 x10-* mole fraction of Ca** 
were x irradiated (40 kv, 15 ma, 5 cm from tar- 
get) at 195°K. The optical absorption in the near 
uv region before [Curve (a)] and after warming to 
~-10°C [Curve ()] is shown in Fig. 1. The 325- 
my band markedly decreases in intensity and 
there is a marked growth in the V,-V, region 
(2200 A). The difference in absorption between 
Curves (a) and (5) is plotted as Curve (a) in 

Fig. 2. During this process the F band decreased 
only ~10% in intensity. 

If Process (2) is responsible for the variation 
in absorption, we must ascribe the 220-my band 
to Cl,° localized near the original vacant cation 
site. Since Cl, is unstable above -40°C, the 
CL,° center would be resistant to optical bleach- 
ing near room temperature, such as has been 
observed for the V, center. (This does not neces- 
sarily mean that the 220-my band is identical 
with the V, band.) However, at 195°K where the 
cl, center is stable, release of electrons in the 
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FIG. 1. Optical density of x-irradiated KC1l:Ca 
crystal after various treatments: Curve (@), after the 
exposure to x rays at 195°K; Curve (b), after warming 
to 263°K; Curve (c), after 5-min illumination with F 
light at 195°K. 


crystal by F-band illumination should cause the 
reverse of Process (2) to occur. The results of 
F-band illumination at ~195°K with light in the 
range 540 to 550 my are shown in Fig. 1, Curve 
(c), and the difference between Curve (bd) and 
Curve (c) is plotted in Fig. 2 as Curve (b). The 
process is indeed reversed. 

These results suggest that the mechanism pro- 
posed above for the enhancement of F-center 
production in alkali halides is indeed reasonable. 
The primary step is hole capture at a cation va- 
cancy. The subsequent rearrangement creates 
an anion vacancy and a halogen atom in the cation 
site. Several questions remain, namely (1) what 
happens to the excess electrons released by the 
thermal ionization of the Cl, center, and (2) is 
the 220-my center to be identified with either 
the V, or the V, band? The first may find an ex- 
planation in the fact that an absorption below 190 
mu disappears with the thermal bleaching of the 
325-my band. 

We are indebted to H. C. Schweinler and J. H. 
Barrett for numerous helpful discussions. 

Thanks are due to R. L. Sproull for kindly sup- 
plying the specimens used in the experiments. 
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FIG. 2. Change in optical density after various 
treatments: Curve (2), difference between Curves (@) 
and (5) of Fig. 1; Curve (5), difference between Curves 
(5) and (Cc) of Fig. 1. 


*Oak Ridge National Laboratory is operated by Union 
Carbide Corporation for the U. S. Atomic Energy Com- 
mission. 

‘H. Hummel, quoted by F. Seitz, Revs. Modern 
Phys. 26, 7 (1954). 

7H. W. Etzel, Phys. Rev. 87, 906 (1952). 

3H. W. Etzel and J. G. Allard, Phys. Rev. Letters 
2, 452 (1959). 

‘H. Rabin (to be published). 

5 Evidence exists that Ca**-vacancy complexes are 
appreciably dissociated at room temperature. C. Bean 
[quoted by F. Seitz, Revs. Modern Phys. 26, 7 (1954)] 
finds that the association energy in NaCl is less than 
0.08 ev. Hence the viewpoint that isolated vacancies 
are involved is not unreasonable. 

®The term Cl, molecule is simply descriptive. The 
actual center may be the linear Cl; molecule-ion of 
the type described by H. N. Hersch [Phys. Rev. 105, 
1410 (1957)]. Alternatively, it may be a true Cl, 
molecule with one component in the cation site and the 
other in a nearest neighbor anion site. 

"Ww. Hayes and G. M. Nichols, Phys. Rev. 117, 993 
(1960). 

®The Ba**-doped crystals indeed seem to respond 
differently since x irradiation introduces two bands: 
one close to the position of the center considered here 
and one at longer wavelength. See reference 7. 
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MICROWAVE EMISSION FROM AN OPTICALLY PUMPED ATOMIC SYSTEM 
V. E. Derr, J. J. Gallagher, R. E. Johnson, and A. P. Sheppard 
The Martin Company, Orlando, Florida 
(Received August 5, 1960; revised manuscript received September 13, 1960) 


The use of optical methods to orient atoms was 
suggested by Bitter’ and Kastler,? and, since 
then, several investigations, employing the 
optical detection of changes in polarization or in 
intensity caused by the application of an rf signal, 
have demonstrated this effect. In none of these 
experiments, however, has the direct observa- 
tion of the emission of the microwave from the 
pumped system been made. 

This Letter reports the preliminary results of 
an experiment in which the microwave emission 
at approximately 9192 Mc/sec from an optically 
pumped cesium cell has been directly detected. 

In addition to its use in physical measurements 
as a time standard, the technique promises to 
yield a precise means of studying line-broadening 
mechanisms, free of the broadening effects of 

an applied microwave signal. 

The detection of the microwave emission was 
accomplished by placing a quartz cesium cell 
containing about 3 mm Hg of argon as a buffer 
gas in a cylindrical TE,,, mode cavity (Q = 4000) 
with slots parallel to the current lines to admit 
light from a cesium arc lamp. The cavity is iris- 
coupled to a waveguide leading through a gyraline 
modulator and two isolators to a balanced mixer 
and a 30-Mc i.f. amplifier of 2-Mc bandwidth. A 
conventional Strandberg® 50-cps lock-in amplifier 
follows the detector and drives a recording milli- 
ammeter. This system is capable of observing 
an output of about 3107” watt. The emission 
was observed with a signal-to-noise ratio which 
indicates that the total power emerging from the 
cavity was about 3 x10~"* watt. The integration 
time of the system was twenty seconds. 

In the initial experimental arrangement, the 
cesium arc lamp was about 47 cm from the cavity 
and was focussed on it by a lens system. No mag- 
netic field was present other than the earth’s 
field. Polarization and filtering, passing only 
the 8521 A line, made no detectable difference. 
Helmholtz coils were available to provide mag- 
netic fields up to 150 gauss. 

In establishing that emission of the cesium 
atoms was being observed, it was necessary to 
eliminate two major sources of error. One pos- 
sibility was that the signal being observed was 
due to a source outside the cavity, producing an 
rf signal at 9192 Mc/sec simultaneously with the 
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light source. It was found that the lamp, when 
close to the cavity, produces a broad band signal 
in X band, unaffected by a magnetic field and 
sufficiently strong to mask the optical pumping 
effects, certainly due to thermal emission. It 
was eliminated by moving the lamp back and 
focusing the light with lenses which did not focus 
the rf, and by using a band-rejection grid filter 
between the lamp and cavity. A second possi- 
bility, suggested by Reder,* was that sidebands 
of the local oscillator were passing into the cavity 
and stimulating emission of the cesium atoms. 
This possibility was eliminated by observing that 
increasing the isolation from 60 to 90 db and 
further shielding the cavity made no detectable 
change in the signal strength. 

Although the observations thus far have been 
of a qualitative nature, several remarks may be 
made concerning the transitions involved, and 
an estimate of the upper limit of the linewidth of 
the F =4, m, =0~-F =3, my =0 transition may 
be given. First, the previously mentioned tran- 
sition appears to be the principal one involved, 
since the application of magnetic fields suffi- 
ciently strong to remove the other transitions 
from the bandwidth of the detection system pro- 
duces little change in the output and the applica- 
tion of a hundred oersteds causes the signal to 
disappear. The other transitions between mag- 
netic sublevels of the ground state are probably 
not observed since the lines, strongly dependent 
on the magnetic field, are not only shifted, but 
are smeared out by inhomogeneities of the field. 

Second, an estimate of the linewidth may be 
made from the number of atoms contributing to 
the emission. With the cesium vapor at a pres- 
sure of 10-*° mm Hg (T =300°K) in a cavity volume 
of 42 cc, there are approximately 1.5x10” 
cesium atoms present. The power output of the 
cell is P=3x107** watt, so that the number of 
emitting atoms is n=P/hv or 410°. If we now 
consider the external Q of the cavity to be 29,, 
one can estimate that 210° cesium atoms are 
emitting, assuming a transition probability of 
one half; thus the minimum number of particles 
required for oscillation must be less than or 
equal to 2x10. Using the relation’ n,,;, =" 

x (Av)*/4n7u7Q, one obtains Av < 0.9 cps. Since 
Dehmelt® has previously obtained relaxation times 
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on the order of tenths of seconds and Zeeman 
transitions with linewidths of 3 cps have been 
observed, ” it is likely that linewidths much less 
than one cps should be attainable in emission 
experiments where no spectrally impure micro- 
wave signal is present to broaden the spectral 
lines. . 

In establishing the conditions of the experi- 
ment, several factors must be considered. It 
had been thought necessary to increase the vapor 
pressure of the pumped atoms in order to obtain 
the number of oriented atoms sufficient for emis- 
sion®; however, the pressure was kept at 10~° 
mm. Detrimental effects originating from self- 
absorption® had been anticipated, but this effect 
quite possibly contributes to the pumping.’® The 
pressure of the buffer gas was held in the neigh- 
porhood of 3 mm so that collisions of the excited 
atoms with the buffer gas would not become 
excessive enough to disorient the spins.® It was 
found that, of three Osram lamps used, only one 
gave sufficient resonance line intensity at the 
current rating of the lamps. At lower currents, 
however, the resonance lines were sufficiently 
enhanced to allow the microwave emission to be 
observed. It is worth remarking that the Q of 
the cavity necessary for oscillations is much 
lower than expected® due probably to the small 
linewidth. 

The mechanism whereby the F =4 level is 
selectively populated will have to be considered 
further, since the emission is observed whether 
the light is polarized or unpolarized, or whether 
the 8521 A line only or the entire spectral output 
is allowed to illuminate the cell. Considering 
the several variations which have been made in 
the optical system, it is difficult to state what 
exactly the pumping process is. Since a magnetic 
field is not required for the oscillations to be 
observed, it is possible that, for the case of the 
unpolarized, filtered light, the pump action can 
arise from a difference in intensity of the ex- 
citing radiation at the two hyperfine structure 
components of the 8521A line. Such a difference 
arises in the Osram cesium lamps at low currents 
from self-absorption. The line connecting the 
F =4 of the ground state is more strongly absorbed 
than F =3 in the ratio of 9:7, so that the line F =3 
in the lamp output is the stronger. In this pro- 
cess, if the difference in intensity of the exciting 
radiation is great enough to overcome the 9:7 
difference in transition probability favoring the 
F =4 state of the gas in the cell, then it is pos- 
sible to cause the population of the F =4 level to 


exceed the F =3 level population. The process of 
self-absorption has been used by Bucka™ in double 
resonance studies. 

If, on the other hand, the hyperfine components 
are absorbed to a different degree in the front 
part of the cell (ratio 9:7 for F =4), ®?° then this . 
effect can also produce optical pumping at the 
rear of the cell with F =4 having a greater popu- 
lation than F =3. A combination of the self- 
absorption in the lamp and a preferential absorp- 
tion of the hyperfine component F =4 in the front 
part of the cell would greatly enhance the possi- 
bilities of emission in the rear of the cell. 

Another pumping scheme seems to be operative 
when, with an application of a small magnetic 
field, the F=4, mp =0-F =3, mp =0 transition 
is the only one contributing to the microwave 
emission. The inequality of pumping light inten- 
sity at the two optical components can again cause 
the proper redistribution of sublevel populations 
for emission. There would not be any preferential 
absorption in the cell in this case, however. 

The other factors, polarization of the optical 
radiation and use of filtered radiation, neither of 
which produced any detectable differences in 
microwave emission, will have to be investigated 
in greater detail. It is likely that combinations 
of several pumping schemes are operative and 
more definitive experiments will be necessary to 
reach any conclusions. 

In addition to the effects discussed above, this 
atomic system is the most stable monochromatic 
source yet available. The optimum experimental 
conditions have not as yet been determined, but 
it is believed that, when buffer gas pressures, 
wall coating, and other experimental factors are 
thoroughly investigated, a clock constructed with 
it could have a stability approximately an order 
of magnitude better than the ammonia maser. 
The total linewidth at half power for the ammonia 
maser oscillator is 25y=10~ cps whereas for the 
cesium system as an oscillator 26y =8 x10~ cps. 
These linewidths correspond to oscillator Q’s of 
5 x10"* and 2.3 x10", respectively. The calcu- 
lations are very conservative since the power 
will be increased by the eventual optimizing of 
the system. 

The authors wish to thank Mr. M. Lichtenstein 
for the preparation of the cesium gas cell, and 
to express their gratitude to Dr. A. Javan of the 
Bell Telephone Laboratories for his stimulating 
discussions, and to Dr. A. W. Schawlow of the 
Bell Telephone Laboratories for his suggestions, 
in particular on the possible pumping scheme 
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OBSERVATION OF QUANTUM EFFECTS IN THE SCATTERING OF A MONOENERGETIC 
Li BEAM BY A CROSSED Hg BEAM* 


Hans U. Hostettlert and Richard B. Bernstein 
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 
(Received August 25, 1960) 


In 1933 Massey and Mohr’»? applied the quan- chopper (25 cps) for the Li beam, and a tuned 
tum- mechanical (partial-wave) treatment to amplifier with phase-sensitive detector.‘ The 
atomic scattering. Interference effects are ex- half-intensity width of the Li beam at the detec- 
pected when the de Broglie wavelength A is of the tor was about 20’. 
same order of magnitude as the range of the in- Figure 1 shows the dependence of the total 
teratomic forces. However, observations of cross section on the average relative velocity 
such interferences in atomic beam scattering by vy Experiments 1-3 were carried out with dif- 
gases have not yet been reported. In the present ferent Hg beam intensities which yielded attenua- 
communication, data on total and differential tions of 28%, 40%, and 20%, respectively, at 
cross sections are presented, which are believed an arbitrary reference point, 0, =447 m/sec, 
to show quantum effects. designated v,. Due to the difficulty in deter- 

A velocity-selected beam of lithium (chosen mining the number of Hg atoms in the scattering 
for its small mass and large A) was scattered by zone, absolute total cross sections Q have not 
a crossed beam of mercury at 90° incidence. been calculated. Furthermore, rigorous evalua- 
Details of the apparatus will be published later. tion of Q from attenuations requires a tedious 
Its main features are: a slotted-disk velocity integration to find the proper average relative 
selector® for the Li beam (resolution Av/v=0.047, speed v,- For the present purpose it suffices to 
for Av at half-intensity); a surface ionization de- assume U,.=[v pro 2]¥”2_ One thus obtains the 
tector and electron multiplier; a mechanical relation g = log o/l)vy 5/5 where, for a given 














* , qT ; T y T T T T 
- = _ 
= x x 
So '|Or- * x 
— » ° x "| 
oO 7 4 
o ° x 

F ° x . e % 
o Ff g : 
ro) L 5 7 
oO q FIG. 1. Velocity depend- 
+ 0.5 —| ence of the total cross sec- 
e ‘ 4 tion for the scattering of Li 
“a by Hg. Plotted is the re- 
~ r x x  Exp.| | lative” cross section 9”, 
Ee fF + 2 + defined in text. 
<x ° 3 
on - & al 
, Oo Pa 1 : | : | —_ | P 

200 400 600 800 1000 1200 


AVERAGE RELATIVE SPEED, V, (m/s) 


318 











‘onics 


1 (1957) 
958). 


nua- 
at 


ot 
lua- 


e 
s to 
; the 


5 sec- 
r of Li 
“re- 








VoLUME 5, NUMBER 7 


PHYSICAL REVIEW LETTERS 


OcrosBER 1, 1960 





Hg beam intensity, q is proportional toQ. In 
order to compare results of experiments with 
different Hg beam intensities, the “relative” 
cross section, g*=q/q(v,), has been plotted in 
95 
"Tee sharp decline in the total cross section at 
lower velocities is most unusual and is not in 
accord with the Massey- Mohr approximation 
formula.?, Comparison experiments were made 
with K in place of Li; Q(K-Hg) increased in the 
normal way* ° with decreasing v,. 

In an attempt to account for the anomalous ob- 
servations for Li-Hg, exact calculations were 
made by the partial-wave (phase- shift) treat- 
ment,’ assuming a Lennard-Jones (12, 6) poten- 
tial with «/k = 860°K and o=2.88 A. However, 
there was no indication of the anomalous decrease 
inQ at low v,. It is possible that the calculated 
low-energy Q’s for Li-Hg may be critically de- 
pendent upon the choice of the potential. Indeed, 
computations for another system (H,-Hg) with a 
lower € did show® an unusual velocity dependence 
of Q, with a sharp decline at low v,. 

Figure 2 shows some typical angular distribu- 
tions for Li scattering observed in the plane of 
the crossed beams. The scattered intensities 
are plotted vs laboratory angle in the interior 
quadrant; similar data were obtained in the ex- 
terior quadrant. The undulations in the curves 
are definitely larger than the experimental un- 
certainties. Estimated locations of “extrema” 
are indicated by dashed lines. Identical experi- 
ments were carried out with K-Hg at different 
v,'8; here the angular distributions showed no 
inflection points or irregularities whatsoever. 

Curve G (here the coordinates refer to the c.m. 
system) is a calculated one based on the partial- 
wave treatment with the same Lennard-Jones 
parameters as above, for v,=820 m/sec. It is 
presented only to be illustrative of the theoreti- 
cally expected interference effects. 

Additional calculations of differential cross 
sections made for different vy showed that, re- 
gardless of the value of €, the locations of the 
maxima and minima move toward lower angles® 
with increasing v,- Although definite maxima 
and minima have not been observed (due to the 
limited velocity resolution of the present appa- 
ratus), the proper progression of the “extrema” 
with changing ¥, is evident in Fig. 2. Thus it 
appears that the observed undulations are real 
interference effects originating from the wave 
nature of the interacting atomic beams. 
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FIG. 2. Angular dependence of the scattering of Li 
by Hg. The vertical positions of the curves are ar- 
bitrary. Curve G is calculated according to the method 
of reference 7, where A=2n0/A=y0,/fi and B=2ueo?/h?. 
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RATE OF THE THREE-BODY ATOMIC OXYGEN REACTION 
FOR THE EXCITATION OF THE AIRGLOW 01(5577 A) LINE* 


Robert A. Youngt 
Stanford Research Institute, Menlo Park, California 


and 


K. C. Clark 
Department of Physics, University of Washington, Seattle, Washington 
(Received August 15, 1960) 





Although the reaction 
0+0+0-0,+0('S), 
O('S) - O(}D) +hv, (1) 


suggested by Chapman, ' has generally been ac- 
cepted as the source of the airglow 5577A emis- 
sion, no experimental measurement of the rate 
of this reaction has been published. Recent air- 
glow data pertinent to this discussion have been 
summarized.”»* A flux of 210° photons/cm? 
column sec (200 Rayleighs) is produced in a layer 
of the upper atmosphere roughly 10 km thick, 
centered at approximately 100 km height, where 
the atomic oxygen concentration is estimated at 
no more than 2.510!” atoms/cc. If reaction (1) 
is the source of 5577 A, its rate must be larger 
than 10™“ cc?/sec. The measurements to be 
described place an upper bound of 10~°* cc?/sec 
on this rate, implying that the Chapman reaction 
is probably not important in the airglow. 

The experiment is simple in concept: The flux 
of 5577A radiation, J, and the concentration of 
atomic oxygen, [O], are measured under equilib- 
rium conditions established by reaction (1), i.e., 
where collisional deactivation* and chemical re- 
action are unimportant relative to the radiative 
losses of O('S) atoms. The ratio J/[OF is then 
the Chapman reaction rate. These conditions 
are met in the present experiment, where O is 
produced by the reaction of NO with the N formed 
by a microwave discharge in flowing N,.° The 
NO reaction region is optically isolated from a 
72-liter bulb in which the 5577A production is 
observed. Photometric measurements of this 
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intensity were obtained with a birefringent photo- 
electric photometer similar to that used for the 
airglow;® the instrument was absolutely cali- 
brated’ to measure photons/cc directly. 

The flow rate of O into the observing bulb is 
equal to that flow rate of NO which is just suffi- 
cient to remove all the N by the reaction® 


NO+N-N, +0. (2) 


This flow rate was measured by timing the pres- 
sure decrease in a known storage volume, and 
the titration point was identified by the minimum 
response of an auxiliary photomultiplier which 
was sensitive both to the continuum produced by 
the reaction of NO with O and to the first posi- 
tive N, bands produced by recombination of N. 
Because of the long residence time (about 30 sec) 
of the flowing gas in the large bulb, significant 
recombination of O occurs. The average con- 
centration of these atoms 7” differs from that in 
the entering stream n; in a manner which can be 
obtained from the equation of continuity, 


Ven ji? =J(n; -7)/ng, (3) 


where n, is the concentration of N,, J is the total 
number flow rate, V is the bulb volume, and the 
recombination coefficient k is taken® to be 1.4 

x 107%? cc/sec. 

Figure 1 shows four sets of correlated experi- 
mental measurements as functions of the total 
pressure. It is seen that the observed 5577A 
intensity does not vary as the third power of the 
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FIG. 1. Experimental results showing that /(5577A) 
does not vary as 7*. All ordinates are in absolute units. 


atomic oxygen concentration. The Chapman re- 
action (1), if present, could excite at most only 
10% of the observed emission. At a pressure of 
0.4 mm Hg we have 7=2x10"* atoms/cc, while 
the upper limit of the 5577A flux attributable to 
the Chapman reaction is 1.5x10* photons/cc sec. 


Therefore the rate coefficient is less than 2x10~** 
cc?/sec, which is insufficient by two orders of 
magnitude for producing the observed airglow 
intensity. 

We are indebted to C. T. Elvey, M. H. Rees, 
A. Belon, and G. J. Romick for offering the use 
of the birefringent photoelectric photometer at 
the Geophysical Institute, College, Alaska, and 
assisting in many ways, and to the Boeing Air- 
plane Company (H. N. Ritland and W. B. Adam) 
for defraying expenses of transportation and op- 
erations. 





*This material was presented at the XII General 
Assembly of the International Union of Geodesy and 
Geophysics. 

+Formerly at the Boeing Airplane Company, Seattle, 
Washington. 
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COMPARISON OF THE 8-a ANGULAR CORRELATIONS IN Li® AND B® t 


M. E. Nordberg, F. B. Morinigo, and C. A. Barnes 
Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 
(Received September 6, 1960) 


Although the radiations following allowed 8 
decay of unoriented nuclei are uncorrelated in 
angle with the 8 rays, forbidden effects may 
produce correlations of the form 1+B cos?6, 
where the small coefficient B depends on the de- 
tails of the matrix elements involved. As a pos- 
sible test of the conserved vector current (C.V.C.) 
theory,’ various authors”*® have suggested a 
measurement of the difference, 5, of the B co- 
efficients in the 8-a correlations of the two 


decays: Li®(87)Be®*(a)He* and B*(8v)Be®*(a)He*. 
Assuming an average strength for the relevant 
M1 matrix element, Bernstein and Lewis’ pre- 
dicted 6=0.015Wg, where Wg is in Mev and we 
neglect m,’/W,’. Our preliminary result,‘ 

5 =(0.003 + 0.004)Wg, conflicted with this pre- 
diction and indicated either the failure of the 
C.V.C. theory or that the value assumed for the 
M1 matrix element was too large. Since our 
preliminary measurements, the M1 matrix ele- 
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ment has been calculated on an intermediate- ‘ CUZ) +4.7¢ oll) 
coupling model.*»* Weidenmiiller’s calculations® 5a(P 8 / W) Toll) , 
predict 0.005W, <6< 0.009Wz on the basis of the 
C.V.C. theory, or a similar but smaller effect, 
0.001Wz <6 <0.004W, on the basis of the Fermi 
theory. In view of these calculations we have 
remeasured 6 with improved statistical accuracy 
and with special emphasis on reducing systematic 








0.005Wg <5 < 0.009W, for the C.V.C. theory. 
Other second-forbidden vector matrix elements } 
which could contribute to 5, such as the £2, are 
predicted to be at least an order of magnitude 
smaller. With an average 8 energy of 11 Mev } 


errors, and we find 6 =(0.0069 + 0.0008)Wg, in the measured valucs for 5 are 
agreement with the C.V.C. theory. a 

Neglecting smaller terms, the 8-a angular BILE’) = (0.0029 = 0.0008) ,» 
correlation in the laboratory is of the form s 
W(@)=1+A cos@+B cos*6. The coefficient A B(B’) = -(0.0040 + 0.0007)W ., 
arises from the transformation from Be®* to 
laboratory coordinates because of the recoil of 6 =(0.0069 + 0.0008) W ,., 
Be®* from the 8 decay; it may have small con- 
tributions from various forbidden vector and where the standard deviations quoted are statisti- 
axial-vector matrix elements. To first order in cal in origin only. The less precise values of 
Pg/Pq, neglecting forbidden terms,’ A = -P3/Pa our earlier experiment,‘ B(Li*) =(0.003 + 0.002)W, 
=) -0.0093W,. The values for A measured in the and B(B*) =(0.000+ 0.004)W,, are consistent with 
present experiment are slightly smaller: these new measurements. The recent work of 

Krebs et al.® gives B(Li*) = (0.00547 9-0017) Vg at 


8)- 


The apparatus and techniques of this experi- 


AGF }o ae a, ° ment were similar to those of the previous one‘ 


























The difference 6 = B(Li®) - B(B*) arises from but improved in several important ways to re- 
the small forbidden vector matrix elements of duce and check systematic errors. The angle of 
the 8 decay. As shown by Weidenmiller,® con- the target to the beam was changed from 45° to 
sidering only the M1 matrix element: 15° (see insert in Fig. 1) in order to minimize 

the depth of recoil of B® nuclei into the target 
ba(P 2/w.) Sti +{ Noll) backing. Previously, this recoil had produced 
B B (loll) a loss in energy of the a particles in escaping 
0.001W, <5 < 0.004W, for the Fermi theory; from the target which was much more severe 
| | | | | 
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for B® than for Li®. During bombardment, a 
shield around the target protected the a counter 
from any sputtered target material and from any 
recoiling B® or Li® ions which left the target. 
The spectra of a particles from the Be®* coin- 
cident with 8 rays from the B® were much im- 
proved by these changes, as compared with the 
earlier experiment, and were in fact very simi- 
lar to the Li® spectra. Figure 1 shows the B® 

a spectra for a typical case. 

New a counters, thin to 8 rays, permitted 
measurements to be made when the angle be- 
tween the a momentum and the 8 momentum was 
6=0° as well as 90° and 180°. However, at 6=0°, 
a small fraction of the 8 rays going through the 
a counter and into the 8 counter, produced small 
pulses in the a counter in coincidence with the 
8 counter. For this reason the low-energy tail 
of the 6 =0° coincident a spectrum was extra- 
polated by subtracting these 8-8 coincidences, 
as determined by stopping all the a particles 
from the target. (See Fig. 1.) Errors produced 
by this extrapolation would be expected to be in 
the same direction for both B(Li®) and B(B*), 
and tend to cancel in the difference 5. To esti- 
mate the possible magnitude of this error, we 
have also determined 6 by analyzing only the 
6=90° and 180° data and find 5 decreased by 
0.0002W,. 

The lithium targets were evaporated in a nar- 
row 2-mm wide vertical strip on the thin alumi- 
num backing to minimize changes in geometry 
due to lateral motion of the incoming beam. A 
check for motion of the target spot relative to 
the a counter was also made with a monitor 
counter. From the ratio of monitor counts to 


noncoincident @ counts, we conclude that the a- 
counter solid angle was constant to within 0.002, 
which when divided by the average 8 energy, 

We =11 Mev, represents an uncertainty of 
0.0002W, in 6. The determination of Wg could | 
be in error by ~5%, which would produce an 
error in 5 of ~0.0004W,. We estimate the sys- 
tematic error from all these sources to be less 
than 0.001W, in 6. 

Including the statistical and estimated system- 
atic errors, our experimentally determined 
value for 65 lies within the range predicted by 
the C.V.C. theory based upon intermediate- 
coupling calculations. An experimental deter- 
mination of the relevant M1 and £2 matrix ele- 
ments is desirable, as a check on the theoretical 
estimates. 

The authors would like to thank Professor 
F. Boehm, Professor R. F. Christy, Professor 
W. A. Fowler, Professor T. Lauritsen, and 
Dr. H. A. Weidenmiiller for valuable discussions. 
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ft VALUE OF O“ AND THE UNIVERSAL FERMI INTERACTION* 


R. K. Bardin, C. A. Barnes, W. A. Fowler, and P. A. Seeger 
W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 
(Received September 6, 1960) 


The experimentally observed near equality of 
the coupling constants in the nuclear beta-decay 
and in muon decay has suggested the attractive 
idea that all of the “weak interactions” proceed 
by a universal Fermi interaction.’ The fact that 
the coupling constant in nuclear beta-decay is 
not considerably decreased by virtue of the neu- 
tron or proton existing part of the time as a 


proton or neutron plus pion cloud finds an elegant 
explanation in the conserved vector current hypo- 
thesis of Feynman and Gell-Mann.’»” It is thus 

of considerable interest to establish the degree 
to which the coupling constants Gy for the vector 
nuclear beta decay and G,, for the muon decay 
are equal.*~> Recently the precision with which 
G, is known has improved considerably due to 
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more accurate measurements of the muon mean 
lifetime (2.2114 0.003 usec,*® 2.208 + 0.004 usec”) 
and the muon mass (206.76+ 0.03 mg*). To de- 
termine Gy more accurately we have remeasured 
the ft value of the 0* ~ 0* beta transition in 
O"*(g*v)N™*, 

Due to the difficulty of directly determining the 
energy end point of the positron spectrum,*’° 
which is the most critical quantity entering the 
ft value, one must resort to measurement of 
the mass difference of O and N***(2.311-Mev 
state), the parent and daughter states of the beta 
decay. Previous workers have determined this 
mass difference by measuring the neutron thres- 
hold for the reaction C'*(He’, )O** which yields 
oO -C” and by determining N*** -C” from var- 
ious reaction cycles and mass doublets. 

Bromley et al." determined the neutron thres- 
hold as E+, = 1449.64 2.8 kev relative to the 
Li’( p, m)Be’ threshold assumed as 1881.6+ 0.45 
kev, which yields a Q value for the C'*(He®, n)O™* 
reaction of -1158.5+3 kev. Using adjusted Q 
values and tabulated mass defects quoted by 
Mattauch et al.’? and the work of Bockelman 
et al.,’® they calculated Ey,x(8*) = 1809.7 + 7.8 
kev. Threshold values Ey, =1435+5 kev ** and 
1436.2 +0.9 kev*® have been obtained at the Naval 
Research Laboratory. Bondelid et al. 15 combined 
their Q value for the C?*(He°, »)O™ reaction 
(Q =-1147.7+0.7 kev) with values from Mattauch 
et al.’* and Ajzenberg-Selove and Lauritsen*® to 
get Emax(8*) = 1800.0+ 6.5 kev. 


In view of these discrepancies, and in view of 
the sizable changes in the mass tables of Ever- 
ling et al.,"” we have measured the mass differ- 
ence of re and N'** directly from the reactions 


Cc? +He® ~0O"* +n+Q,, (1) 


C!? +He® — N“** +H! +@,- (2) 


In terms of the Q values of these reactions, 


x8) s (o** -N'**)¢? is 2m c 
“<, a * +(H? -n)c? -2m_c* 


=, —. -1804.6+0.5 kev, (3) 
where we have used only the well-known hydro- 
gen atom-neutron mass difference from the mass 
tables!” and the electron mass.’*® Here, and in 
our own work discussed below, the errors quoted 
are standard deviations. 

To avoid neutron background, the threshold of 
reaction (1) was measured by studying the delayed 
yield of 2.3-Mev gamma rays following the 0“ 
beta decay. The incident He* energy was de- 
termined in a 90° electrostatic analyzer which 
was calibrated by the Li"( p, m)Be’ threshold, as- 
sumed at 1880.7+ 0.4 kev.’® A plot of the 2/3 
power of the O“ yield vs incident He* energy is 
shown in Fig. 1 together with a least-squares 
fitted intercept, for one of the runs of reaction 
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(1). The average of two such runs gives Ey, 
=1437.0+ 0.9 kev, or Q, =-1148.3+0.7 kev, in 
good agreement with Bondelid et al.’° 

For reaction (2), a 16-inch radius double- 
focusing magnetic spectrometer was used to de- 
termine the energy of the outgoing protons. The 
spectrometer was calibrated at the field employed 
in the energy determination using deuterons scat- 
tered into it at known energy. A yield curve 
near E(He*) =2.69 Mev and @(lab) = 150° for re- 
action (2) using a thick natural carbon target, 
is shown in Fig. 2. The weighted mean of six- 
teen similar runs gives 9, =2466.9+1.1 kev, 
again based on the Li"( p, )Be’ threshold at 
1880.7+ 0.4 kev.*® 

Using the results of Sanders”° for N'** - N** 
=2311.4+ 1.2 kev corrected to the new Li"(p, ”)Be’ 
threshold yields a Q value for C!*(He*, p)N** equal 
to 4778.3+1.5 kev, in excellent agreement with 
the value 4778.6 kev computed from the mass 
tables of Everling et al.’’ Our results can be 
taken as direct experimental confirmation via 
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FIG. 2. Yield curve near E(He*) =2.69 Mev and 
6(lab) = 150° for the reaction C!*(He®, p)N*. The mag- 
netic spectrometer was set to detect protons with 
Ep=3.633 Mev. 


nuclear reactions of the value for N“* -C” given 
in these new mass tables. 

Combining our experimentally determined 
values of Q, and Qp as in Eq. (3), we have 


(87) = 1810.6 + 1.5 kev, 


where the error quoted is compounded from the 
standard deviations in Q,, Qp, the (H? -”) mass 
difference, the electron mass, and the uncer- 
tainty in the Li’(p, m)Be’ threshold. 

We have remeasured the half-life of O and 
find 71.1+0.2 sec, in only fair agreement with 
the value 72.1+0.4 sec.® In our measurements, 
using the 2.3-Mev radiation, special precautions 
were taken to avoid the effects of long-lived 
annihilation radiation from C™ and N**. Our half- 
life for O** corrected for the ground-state branch 
(0.6+ 0.1%)" gives 71.5+0.2 sec for the half-life 
of the transition to N“**. The calculated ft value”? 
is then 3060+ 13 sec taking f=42.78+ 0.14 for 
Wmax(8*) =2321.6+ 1.5 kev. 

After a total correction of +0.289% for nuclear 
electromagnetic form factors, competition from 
K capture, and electron screening,° the ft value 
becomes 3069+ 13 sec. We do not make the 
radiative and other corrections listed by Durand 
et al.° at this point. The corrected ft value yields 
Gy= =(1.416+ 0.003) x10™* erg cm*. If this value 
is adopted for Gu, then, without radiative cor- 
rections, the calculated mean lifetime of the 
muon becomes 2.250+0.010 psec which is 1.8 
+0.5% greater than the mean of the observed 
lifetimes, 2.210+ 0.003 usec. The relative cor- 
rections, radiative and otherwise, for O vs 
the muon calculated by Durand et al.° reduce the 
discrepancy to 1.7% while those of Kinoshita 
and Sirlin® increase it to 4.0%. Whether the dis- 
crepancy is the result of errors of omission or 
commission in the corrections, or is the result 
of a failure of the universality hypothesis, re- 
mains an open question. There is, in our minds, 
considerable question concerning the validity of 
current Coulomb corrections to the matrix ele- 
ment for O'*(3*v)N"** (0+ — 0*). 

We are grateful to Barbara Zimmerman for 
help with computations. 





*Supported in part by the joint program of the Office 
of Naval Research and the U. S. Atomic Energy Com- 
mission. 
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ISOTOPIC SPIN CONSERVATION AND BETA-GAMMA CIRCULAR POLARIZATION CORRELATION 
IN A** AND Sc*** 


Stewart D. Bloom, Lloyd G. Mann, and John A. Miskel 
Lawrence Radiation Laboratory, University of California, Livermore, California 
(Received August 25, 1960) 


Recently several experiments’ have been per- 


formed which indicate that at least in the cases 
of the beta decay of Sc**, Mn*’, and Sc*® the iso- 
topic spin conservation law is poorly obeyed if 
obeyed at all. These experiments, which so far 
constitute the only evidence for this breakdown, 
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measure the beta-gamma circular polarization 
correlation using the method introduced by Schop- 
per® and Boehm and Wapstra’® a few years ago. 
We have further investigated this situation in the 
case of A*', whose decay is characterized by 
AJ=0 and AT#0 (see Fig. 1). These conditions 


FIG. 1. A*! experimental 
asymmetry parameter as a func- 
tion of Fermi to Gamow-Teller 
matrix element ratio. The solid 
curve is calculated using the 
(V -A) theory (see reference 7). 
The isotopic spin assignments 
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are necessary in order to identify the presence with the experimental evidence at this time in 

of a Fermi component in the beta decay with a the approximately calculated’»® cases of Mn*” 
violation of the isotopic spin conservation law. and Sc** would require that the beta-decay inter- 
The question here is complicated by the possi- action itself must introduce some isotopic-spin- 
bility that meson exchange phenomena might nonconserving elements. In the case of A* two 


effectively introduce isotopic-spin-nonconserving measurements have been made, one of them at _ 
impurities into the beta interaction itself. These this laboratory (a preliminary account!® of which 
must be added to the effects due to neutron-proton has already been given) and the other one by 


mass and charge differences, which latter are Meyer-Kuckuk, Nierhaus, and Schmidt-Rohr 
customarily considered as at least approximately (MNS)." A comparison of the two results is 
calculable in many cases.°~* The former source shown in Fig. 1, where it can be seen that the 
of isotopic-spin-nonconserving components has difference between them is great. In these ex- 
been shown to give zero contribution in the con- periments the essence of the measurement is the 
served vector-current theory proposed by Feyn- observation of the difference in counting rates 
man and Gell-Mann.’»* Therefore in this case for opposite directions of magnetization of the 
the Fermi to Gamow-Teller matrix element ratio iron scatterer. We have used magnet cycling 
should be predictable in those instances where periods of 4 to 10 seconds, in contrast to periods 
the theoretical apparatus is adequate to give a of approximately 15 minutes that have previously 
reliable estimate for the perturbation in the been used. This basically eliminates effects due 
nuclear wave functions produced by the purely to source decay and gain drifts in the apparatus. 
nuclear effects mentioned above. In this way an (An extended description of the technique is in 
experimental test of the validity of the conserved preparation.) In addition, our measurements 
vector-current theory could be made. for A** (and Sc** as well) were all interpolated 

A reconciliation of the theoretical predictions between comparison runs of Na” and Co®. The 


Table I. Results for A‘! and Sc“ with relevant correction factors. The results for the comparison standards, 
Co® and Na”*, are also shown. The raw result (e,) is given in the second column. The third, fourth, fifth, and 
sixth columns are the correction factors for y~y coincidences (Kg), polarization efficiency variation (Kp), back- 
scattering (Ky), and the v/c variation with beta-energy (K,,), respectively. Kp was taken to be unity by definition 
in the case of Co®*. Column seven gives the relative asymmetry parameter ( pA) on the basis of the corrected re- 
sults. Column eight gives the absolute asymmetry parameter (A) with the assumption that A is +1/3 for Na”* and 
-1/3 for Co®*, The results of all the Sc“* sources were averaged together in this column with the exception of 
Sc V (see text). Similarly the results for all the Co® runs were averaged with the Na” result, excluding Co® II 
(see text). Column nine then gives the final matrix element ratio corresponding to the values of A in column eight 
using the (V-A) interaction theory. 











Measured 
Source e, Ko Kp Kp K,, Py A CMM, 

Na” @ +0.319+0.036 1.05 0.98 1.01 (0.73)"! +0.45240.051 +1/3 eee 

Co® 1b and II -0.22440.018 1.21 1.00 1.01 (0.66)! -0.414+40.035 -1/3 tee 
auc +0.06 +0.07 none 0.98 1.30 (0.90)-! +0.09 +0.09 +7%+7% +3% +9 % 
Scf* 7? +0.09140.048 1.10 1.08 1.04 (0.68)"' +0.165 +0.087 

Se“ 11 -0.004+0.026 1.10 1.08 1.04 (0.68)"! -0.008+0.049 

Se“ 72 +0.084+0.036 1.10 1.08 1.04 (0.68)"' +0.153 +0. 066 

Sc!® pyb +0.072+0.021 1.10 1.08 1.01 (0.68)! +0.132 +0.038 

Sef yd +0.031+0.021 1.10 1.08 1.58 (0.68)! +0.086 +0.058 see tee 

Se ye +0.071 40.023 1.10 1.08 1.17 (0.68)-' +0.13020.042 +8.5% 41.7% 0% +2% 
Co® yf -0.096 +0.030 1.21 1.00 1.58 (0.66)"! -0.277+0.087 eee oes 





@Vacuum-volatilized onto 1/2-mil aluminum. 
bEvaporated in air on 1-mil Mylar. 
°Glass cylinder 1 cm in diam containing activated argon. End-window thickness ~ 6 mg/cm’. 
Vacuum-volatilized onto thick platinum. 
acuum-volatilized onto thick graphite. 
f Electroplated onto thick platinum. 
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purpose was to avoid a theoretical calculation of 
the magnet polarization efficiency by taking ad- 


vantage of the fact that the gamma rays of interest 


in all four of the radioisotopes of concern in this 
work are of about the same energy. In the cases 
of Na” and Co® accurate measurements to date 
indicate that the asymmetry parameter is very 
close to plus one-third and minus one-third, 
respectively. Thus by using these two cases as 
standards and making a small correction for the 
change in the efficiency of the polarization de- 
tector due to the slight difference of energy be- 
tween the gamma rays, one can obviate more or 
less completely the magnet scattering calcula- 
tion which in general is not only tedious but also 
somewhat unreliable. In Table I we present a 
summary of the A* and Co® results with the 
relevant corrections. The significant final re- 
sult, which is the matrix-element ratio described 
above, is of course dependent on the particular 
beta interaction form assumed, and here we have 
taken the (by now) almost conventional (V-A) 
interaction. Since our results indicate a very 
small value for the Fermi matrix element, the 
departure of the Cy/C ‘A ratio from unity is not 
of great importance. On the other hand, the re- 
sults of the MNS measurement" indicate a Fermi 
matrix element which is almost an order of mag- 
nitude larger. At present we have no ready ex- 
. planation for this discrepancy. 

Turning now to the case of Sc**, in Fig. 2 we 
present a comparison between our results and 
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the experimental results obtained previous to 
ours. Since our Sc** answer was at such large 
variance with so many different experiments, 

it was felt mandatory to do as painstaking a job 
as possible in this case. As a result we madea 
measurement on six different scandium sources 
prepared by four different methods (Table I). 
The results of the cobalt and sodium runs brack- 
eting the scandium and argon runs are shown in 
Table I. Actually there were three Co® sources 
(I, I, and III); I and Ill were prepared identically 
and differ only in that Co® I was used as an 
“interlacing” standard throughout the work with 
both A* and Sc**. The same is true for the Na” 
source. Co III was independently prepared and 
run at the end of the whole experiment as a final 
check. Sc** V and Co® II were investigated in 
order to gauge the effect of back-scattering on 
the measured polarization, but were omitted in 
the final averaging since the connection between 
the back-scattering correction and the polariza- 
tion correction is not yet completely understood. 
However, the inclusion of either or both of these 
results would not affect the basic conclusions of 
the experiment. 

Although it is difficult to determine the effective 
thickness of a beta source, microscopic examin- 
ation of all the sources indicated that the best 
Co® source was much thicker than any of the 
scandium sources. A further test of the source 
thicknesses was obtained by measuring the beta 
spectrum in a magnetic spectrometer. The Kurie 


FIG. 2. Sc** experimental 
asymmetry parameter as a func- 
tion of Fermi to Gamow-Teller 
matrix element ratio. The solid 
curve is calculated using the 
(V-A) theory (see reference 7). 
The isotopic spin assignments 
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are approximate because of im- 
purities introduced in the nucle- 
ar wave functions due to Cou- 
lomb effects (see references 
5-7). A complete tabulation of 
all the experimental results to 
date on this isotope is given in 
Steffen’s paper (see reference 4). 
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plots of the Sc IV and Co I sources were linear 
down to 100 kev and about 2% high at 70 kev, 
while the Sc VI source on thick carbon showed 
the curvature typical of sources with large back- 
scattering. The deviation at 100 kev was approx- 
imately 10%. The emphasis on the source- 
making part of the experiment-is due to the fact 
that we could not discover any other factor in 
our technique which differed in any important 
way from the techniques utilized in the other 
measurements. Furthermore the close similar- 
ity in both beta and gamma energies between Sc*® 
and Co® indicated that whatever caused the large 
difference in the measured polarization would 
have to be resident in the source preparation, 

if we regard the effect as spurious. But in view 
of the remarks made above concerning the ap- 
pearance of the sources as well as the Kurie plot 
results, it is felt that source quality cannot 
finally be invoked to explain the Co® -Sc*® dif- 
ference. The vindication of the rapid-alternation 
method’° is in the results for Co® and Na”, 

which are close to the same absolute value 

(Table I, column 8) with different signs, exactly 
as would be expected. In Fig. 2, the zero value 
for the abscissa in the present Sc** measure- 
ment is compatible with the isotopic spin con- 
servation law, and therefore with the conserved 
vector-current theory as well, as explained 
above. The same conclusions, although with con- 
siderably less accuracy, may be drawn from 

our A*’ results shown in Fig. 1. In view of the 
fact that for small polarization, such as we feel 
we have measured here, one can make sensitive 
measurements of the Fermi-matrix element 
contribution with only an approximate knowledge 
of the polarization efficiency, it is clearly worth- 
while to obtain as accurate a value for the polar- 
ization as time and patience will permit. We 


hope to repeat the A*? measurement in the near 
future. In addition, measurements on Mn™ and 
Na” are in preparation. For A* theoretical 
calculations’” imply that the conservation law 
should be better obeyed than the results of Meyer- 
Kuckuk et al."* would indicate. In the other two 
cases, theory and experiment are again at var- 
iance except in one instance.®»’»15,'4 

A complete report of this work describing the 
technique in full detail as well as incorporating 
later results is in preparation. 





*Work done under the auspices of the U. S. Atomic 
Energy Commission. 
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MUON MASS AND CHARGE BY CRITICAL ABSORPTION OF MESONIC X RAYS* 


Ss. Devons, * G. Gidal,! L. M. Lederman, and G. Shapiro 
Columbia University, New York, New York 
(Received September 6, 1960) 


The high precision currently available in de- 
terminations of the muon magnetic moment! has 
stimulated efforts to measure the muon mass 
directly to high precision. The magnetic moment 
experiment determines the ratio of the Larmor 
frequency, geH/2mc, of a muon to that of a pro- 
ton in the same magnetic field. Knowledge of the 
mass is necessary in order to obtain from such 
a measurement a value of g sufficiently accurate 
to compare with theory. 

The current experiment makes use of the 88-kev 
photon emitted in the transition from the 3D to the 
2P state of a negative » meson in orbits about a 
phosphorus nucleus. This mesonic x ray is known 
to have energy very close to the K absorption 
discontinuity of lead.*~* Recent remeasurement 
of the mass absorption coefficient, Lp» of lead 
in the neighborhood of its K edge® shows that yu p 
increases by a factor of 3 over an energy in- 
crement of 100 electron volts in this region. 
Thus if, as we observe, the mesonic x-ray en- 
ergy falls on the rapidly rising part of the yu p 
vs E curve, a careful absorption measurement 
can yield an absorption coefficient, which can 
then be compared with Bearden’s curve to give 
the x-ray energy within a few ev, i.e., an ac- 
curacy of about one part in 10*. Since this en- 
ergy is directly proportional to the muon mass, 
with known proportionality constant,® this ex- 
periment affords an extremely sensitive de- 
termination of the mass. It should be noted that 
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the line width of the mesonic transition is 4 ev. 
A scale diagram of the experimental setup, as 
well as a block diagram of the electronics, is 
given in Fig. 1. Negative » mesons from the 
Nevis cyclotron are incident from the left. Suf- 
ficient polyethylene moderator is inserted so that 
the muons stop in the phosphorus target. Two 
such targets are employed: one of thickness 
3.0 g/cm’, and the other 1.5 g/cm? to enable us 
to correct for Compton scattering of the x rays 
before they emerge from the phosphorus. A 
coincidence between counters 1, 2, 3, and 4 (the 
last is 1/16 in. thick to avoid contamination due 
to 75-kev 2P-1S x rays from muons stopping in 
carbon; such photons cannot reach the x-ray 
detector directly, but may scatter —with poor 
geometrical efficiency—from the lead foils) and 
anticoincidence with counter 5, indicates a muon 
stopping. The x-ray detector is a 3-in. diameter, 
1/4-in. thick sodium iodide crystal, of which 
only a 1$-in. diameter is used to improve the 
geometry and resolution (22% at 88 kev). A fast 
output is used in 10°7-sec coincidence with a 
muon stopping to signal a mesonic x ray, and 
the latter coincidence triggers a pulse-height 
analysis of the integrated output, suitably ampli- 
fied, of the 9th dynode of a 10-state E.M.I. photo- 
multiplier type 9578B. The detector is shielded 
on all sides by several inches of brass and zinc 
to reduce the accidental background. We do not 
find it necessary to discriminate against y scat- 
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terings from the target, prompt p decay elec- 
trons, or nuclear gamma rays since these all 
give pulse heights outside of our range of ac- 
ceptance. Various thicknesses of lead foil are 
placed over the opening above the counter, and 
the transmission of the mesonic x rays is meas- 
ured as a function of foil thickness. The data 
are normalized to the number of muon stoppings 
in each case. 

This experiment differs from those of refer- 
ences 3 and 4 in that the right-angle geometry 
is employed which substantially reduces cor- 
rections due to oblique traversals of the lead 
foils by the x rays. Fluorescent reradiation 
from the lead, after it has absorbed the mesonic 
x rays, is also reduced considerably due to solid- 
angle factors. 

Calibration with extended radioactive sources 
of T1?™ (71-kev x rays) and Co®’ (123-kev gamma 
rays), placed in the position of the phosphorus, 
is used: (1) to check geometrical corrections to 
the absorption coefficients for comparison with 
Bearden’s good-geometry measurements; (2) to 
obtain the parameters such as resolution width, 
energy calibration, escape peak amplitude, and 
fluorescent yield, which are needed for analysis 
of the mesonic x-ray spectra. 

We obtain uncorrected mass absorption coeffi- 
cients of 2.83+ 0.03 cm?/g at 71 kev, and 3.06 
+0.05 cm?/g at 123 kev. When corrected for 
average oblique traversal (dividing by factor 
1.07) and for forward Compton and coherent scat- 
tering from the lead which still reaches the de- 
tector (adding 0.4 cm?/g to the quotient), good 
agreement is obtained with attenuation coefficients 
in the literature.’ Both these effects can be cal- 
culated from the geometry. 

The x-ray data for each Pb thickness are ana- 
lyzed between 70 and 125 kev as the sum of 
several terms, the amplitudes of each being the 
only adjustable parameters: (1) a 3D-2P mesonic 
X-ray peak at 88 kev; (2) a 4D-2P peak at 120 
kev. These peaks are assumed to have Gaussian 
shapes with known resolution widths, each having 
an accompanying escape peak of known relative 
amplitude; (3) a background having a small slope 
of the form C,+C,E; (4) for thicknesses of lead 
other than zero, a lead fluorescence peak at 75 
kev, with an accompanying Kg peak, whose amp- 
litude is assumed to be proportional to the dif- 
ference between the amplitudes of the mesonic 
X-ray peaks at zero and at the given lead thick- 
hess. This fluorescent yield factor is obtained 
from the calibration data. It is thickness- 


dependent, falling off exponentially with the at- 
tenuation coefficient of lead at 75 kev, indicating 
that the lead reabsorbs some of its own fluores- 
cence. 

The amplitudes of the 88-kev peak are then 
plotted as a function of thickness (see Fig. 2). . 
These points are fitted by a least squares method 
to a curve of the form, 


y =C[5 exp(-u,x) +9 exp(-u,x) + exp(-,x)]. 


The 3D-2P transition has the fine structure of a 
“compound doublet” consisting of the transitions 
3/2-1/2, 5/2-3/2, and 3/2 -3/2, in the ratio 
5:9:1. The splittings are 400 ev and 50 ev, re- 
spectively. We assume that only the middle of 
these lies on the Pb K-edge, that py, lies above 
and yu, below the absorption discontinuity. We ad- 
just u, and C for a best fit, obtaining 

H (3D. 19 - 2P5 12) =5.7+0.7 cm?/g. 
According to Bearden’s curve, the energy of 
this x ray is then 


E =88017735 ev. 
Y 


The relation between this x-ray wavelength and 
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FIG. 2. Absorption by lead of 3D-2P “compound 
doublet” transition x rays of u-mesonic phosphorus. 
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the muon mass is that 


Poe. Bie 
R, = (= - *) Z?(1.001163 me, /m,- 
The factor (1.001163) takes account of the re- 
duced mass, the Dirac fine structure, and the 
first-order vacuum polarization. Hyperfine 
effect is of the order of a few volts, but intro- 
duces shifts both up and down, averaging almost 
to zero. All other calculated shifts are smaller 
than the linewidth, and have a tendency to cancel 
each other out. This factor agrees with reference 
6. Then, 


m/m, = 206.7879-08 . 


This can be compared with the magnetic 
moment experiment which requires, if &u 
=2(1+a@/27m), that 


m /m =206.77+0.01. 
py’ he 


Thus this experiment, as also the similar 
work of the Chicago group, confirms the pre- 
dictions of theory as to the second-order radi- 
ative corrections to the muon magnetic moment. 

Alternatively, the results may be construed as 
the best evidence to date of the equality of the 
electron and muon electric charge. In this case, 
it is assumed that the results of a “g minus 
two”® experiment will yield a muon g factor in 
agreement with quantum electrodynamics. Then 
the present experiment measures the ratio not 
of the masses but of the quantity (me”) between 
the muon and the electron; whereas the magnetic 
moment experiment measures the ratio of e/m 
of the muon to that of the proton. We assume 
the knowledge of such well-measured quantities 
as the Rydberg constant, the proton-electron 
mass ratio, and the proton g factor. The agree- 
ment between the two mass values calculated 
above shows that e,,° /eg*epy is unity to within the 
accuracy of the present experiment since the 
percent errors in all the other measurements 
are smaller. Then, given the equality of proton 
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and electron charges, we have 
= x —5 4 
ee 1+(5x107) 


If charge is conserved in weak interactions, 
then this sets an upper limit on the charge of 
the neutrino associated with muon decay and 
production. ° 

We stress that this result uses only the exper- 
imentally determined numbers: spin precession 
frequency (in magnetic moment experiment), 
spin minus cyclotron frequency (in g-2), and 
3D-2P transition wavelength. 

We wish to thank Professor C. S. Wu and 
Dr. A. Sayres for their help and advise. We also 
thank Mr. J. Williams for his work on the data 
analysis. 
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TOTAL CROSS SECTIONS FOR p, p, K*, AND 1* ON HYDROGEN BETWEEN 8 AND 10 Gev/c 


G. von Dardel, D. H. Frisch,* R. Mermod, R. H. Milburn,t P. A. Piroué, 
M. Vivargent, G. Weber, and K. Winter 
CERN, Geneva, Switzerland 
(Received August 8, 1960; revised manuscript received September 7, 1960) 


Considerable information on the total cross 
section of hydrogen is available for particles 
having energies up to a few Gev. Pomeranchuk’ 
and Amati, Fierz, and Glaser* have shown on the 
basis of dispersion relations that, if the total 
cross sections for a particle and its antiparticle 
on hydrogen approach constant values at high en- 
ergies, then these limits must be equal. For 
these energies of a few Gev the total cross sec- 
tions for a particle and its antiparticle are still 
quite different from each other, for both nucleons 
and K particles. Beams of higher-energy ele- 
mentary particles have recently become avail- 
able from the 25-Gev CERN proton synchrotron. 
We have used some of these beams for a first 
brief exploration of the elementary particle 
cross sections in the momentum range between 
3 and 10 Gev/c. 

The beam layout is shown in Fig. 1. Secondary 
particles from an internal target leave the fring- 
ing field of the synchrotron at an angle of 6°, are 
collimated and momentum-analyzed, and are 
defined as a beam by scintillators S,, S,, and 
S,, each 5 cm in diameter. The various particles 
are identified and labelled electronically by put- 
ting in coincidence with (S,S,S,) a velocity-selec- 
tive gas Cerenkov counter, C, having a resolu- 
tion of A4g=0.001.° A representative velocity 
spectrum at a fixed momentum of 8 Gev/c is 
shown in Fig. 2. The antiproton and K content 
of the negative beam and the K* content of the 
positive beam are in the range 0.5 to 2% over 
the momentum region covered. The momentum 
band accepted by the counter telescope was ap- 
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FIG. 2. Velocity spectrum of the negative beam of 
8-Gev/c momentum. 


proximately 6%. The uncertainty in the momen- 
tum determination is estimated to be 3%. 

The beam defined by a coincidence (S,S,5,C) 
impinged on a 3.1-m long liquid hydrogen target, 
20 cm in diameter, and alternatively on a steel 
plate calibrated to represent the empty target 
container. The transmission was measured si- 
multaneously in counters S,, S,, and S, subtend- 
ing solid angles of (2.6, 4.5, and 9.0) x10™ sr, 
respectively, at the effective center of the tar- 
get. Double coincidences (S,S,5,C)S,, (S,5,5,C)S,, 
and (S,S,S,C)S, were formed both with prompt 
timing appropriate to the particle velocity, and 
delayed with respect to the defining telescope to 








FIG. 1. Experimental layout. C,_,, collimators; B, bending magnet; Q;_,, quadrupole lenses; c. 
“gas Cerenkov counter; S;_., scintillators; T, internal target. 
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measure accidental rates. The coincidence rates 
with target full and empty were corrected sepa- 
rately for accidental counts and the cross section 
obtained for each counter was plotted as a func- 
tion of the solid angle subtended. The cross sec- 
tions were corrected for multiple scattering 
using the graphs of Sternheimer.* This correc- 
tion was negligible at high momenta for all three 
counters. At lower momenta it affects first S, 
and then S,. Since our three geometries are all 
contained within the flat portion of the expected 
diffraction peak, the cross sections, corrected 
for multiple scattering, were fitted to a linear 
dependence on subtended solid angle and extra- 
polated to zero solid angle to obtain the total 
cross section. 

The errors of the extrapolated cross sections 
were calculated from the statistical errors of 
the measured transmissions combined with the 
uncertainty in the multiple scattering correction, 
which latter was assumed to be +100%, due to 
incomplete knowledge of the beam structure. 
With this assumption the best extrapolated value 
at lower momenta, where the multiple scattering 
correction to data from S, was large, was ob- 
tained by using only the data from S, and S, in 
the extrapolation to zero solid angle. 

The p-p cross sections together with earlier 
data are shown in Fig. 3. Our data join on well 
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to the results of measurements of Longo et al.° 
at lower energies and fall slowly in the range 
from 5 to 10 Gev/c. Our values at 10 and 10.7 
Gev/c are considerably higher than earlier data 
at 9.4 Gev/c on free protons in emulsions.® 

The p-p cross section, also shown in Fig. 3, 
continues to diminish with increasing momentum 
from the high values previously measured at low 
momenta’ to a value approximately 10 mb higher 
than the p-p cross section at 10.7 Gev/c. 

The cross sections for positive and negative K 
mesons are shown in Fig. 4, together with the 
results of other investigators.*"* Our K -p 
cross sections do not disagree with the more ac- 
curate measurements of Cook et al.® at low mo- 
mentum. Taken together with their results, our 
point at 8 Gev/c indicates an almost constant 
cross section of 25 mb from 3 to 8 Gev/c. Our 
K*-p cross sections at low momenta may be 
compared with the measurements of Burrowes 
et al.® Although the errors of our low- momentum 
points are large, it is difficult to fit a curve to 
the data without assuming some structure in the 
cross section. However, the data of Burrowes 
et al. were not corrected for diffraction scatter- 
ing. Further research is clearly needed in this 
energy region. At 8 Gev/c the K -p cross sec- 
tion is 5+2 mb higher than the K*-p cross sec- 
tion. 
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In Fig. 5 are shown total cross sections for 
charged pions. The square symbols at 5 and 10 
Gev/c denote cross sections for which the Ceren- 
kov counter was adjusted to accept light mesons. 
At our energies muons and pions cannot be re- 
solved by the Cerenkov counter so the cross sec- 
tions refer to a mixture of these two particles. 
The round symbols represent total cross sec- 
tions measured in the negative beam without the 
use of the Cerenkov counter. The contamination 
of K mesons and antiprotons in this beam is less 
than 3% at all energies and should not affect the 
results appreciably. The smooth energy depend- 
ence of the total cross sections in the negative 
beam indicates the absence of pronounced reso- 
nances in the 7-p system in either the T=3 or 
T = 2 isotopic spin states. 

There is an apparent difference between the 
1 -p and 1*-p cross sections of 1.8+ 0.8 mb at 
5 Gev/c and 2.0+ 0.6 mb at 10 Gev/c. Although 
outside the statistical errors, these differences 
may be the result of unequal muon contamina- 
tions in the two beams. Such an inequality may 
come about because of an excess of K* mesons 
undergoing K u2 decay in the positive beam, or 
because of asymmetry in the behavior of positive 
and negative beams in the fringing field of the 
accelerator. Below 6 Gev/c we expect the muon 
contamination in the negative beam to decrease 
rapidly due to the focusing effect of this fringing 
field upon undecayed pions. We estimate this ef- 
fect to be sufficient to cause the apparent rise 
in the measured negative cross section at low 
energies. 


Also shown in Fig. 5 are the 1*-p cross sec- 
tions of Longo et al.* up to 4 Gev/c and the 7 -p 
cross sections of Wikner™ and Thomas."* Using 
transmission through carbon absorbers at 6 and 
10 Gev/c we have estimated the muon contamina- 
tion to lie between 9 and 15% in the negative 
beam. For purpose of comparison of our meas- 
ured values with the earlier data, we have drawn 
in Fig. 5 points showing the negative pion cross 
sections we would infer assuming the muon con- 
tamination to be an arbitrary 10%. 

In conclusion, the present results indicate that 
the total cross sections of charged nucleons, 
pions, and K mesons tend to approach constant 
values at high energies. For both the K mesons 
and the nucleons the difference between the par- 
ticle and antiparticle cross sections on hydrogen 
and the weak dependence on energy of these cross 
sections suggest that the limiting equality pre- 
dicted in reference 1 and 2 is reached, if at all, 
only at energies considerably higher than 10 
Gev/c. On the other hand, the positive and ne- 
gative pion cross sections are equal to within 
the systematic uncertainty. 

We are deeply indebted to the Machine Group 
of the CERN proton synchrotron for the stable 
and efficient operation of the machine during the 
whole experiment; to Mr. M. Rousseau and M. L. 
Velati for their assistance in setting up and run- 
ning the experiment; and to Mr. T. Ball for in- 
valuable help in the construction and operation 
of the hydrogen target. Parts of the target were 
kindly lent to us by the Laboratory for Nuclear 
Science of the Massachusetts Institute of Tech- 
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PHOTOPRODUCTION OF CHARGED MESONS FROM DEUTERIUM AND THE 2~/z* RATIO 


William P. Swanson, Duane C. Gates, Thomas L. Jenkins, and Robert W. Kenney 
Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received August 22, 1960; revised manuscript received September 13, 1960) 


We have used a 4-in. diameter deuterium bub- 
ble chamber at the Lawrence Radiation Labora- 


tory electron synchrotron to observe the reactions 


y+d—1~+2p, (1) 


and 


y +d —1*+2n (followed by 2*= .* + v), (2) 


in the interval between threshold and 194-Mev 
photon energy (lab).* In Reaction (1), sufficient 
final-state information was obtained to determine 
the kinematical parameters required to calculate 
the final-state Coulomb effects. By correcting 
the observed ratio R= (Oyq ” 1/44 ~ 1+) to ac- 
count for the final-state Coulomb interactions, we 
obtained values of the ratio R =(o,,,_,-)/ (o, og"? 
(see Table I), which involves the reaction o 


Table I. o~/o+ as a function of photon energy and meson angle. 








Spectator 6* pion o~/o* 
photon c.m. angle, Before (Rq) After (R) 
Bins energy (Mev)# (deg) Coulomb correction Coulomb correction 
I 152 - 158 0-90 1.22 20.16 1.08+0.14 
Il 158 - 165 90-140 1.36 +0.19 1.27+0.18 
Ill 165 -175 135 - 180 1.54+0.21 1.4420.20 





®The spectator photon energy (lab) and pion angle @* (lab) are from (y+p— 1*+m) two-body kinematics. 
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principal interest: 
y+n—1~ +p. (3) 


Very basic theoretical assumptions” lead to the 
conclusion that R is 1.28 at threshold, indepen- 
dent of the details of the meson-nucleon inter - 
action, if nucleon recoil is included and final- 
state Coulomb effects are excluded. Ball* has 
recently estimated R =1.28(1-0.14A), where A 
is a parameter, measured in units of e =1/(137)”, 
arising from the photon three-pion interaction. 
Low-energy positive and neutral photopion pro- 
duction and neutral pion decay data are not incon- 
sistent with a value of A as large as unity, but 
small values for A are not excluded. Our data 
are consistent with a value A=+1.1. 

The question of general agreement among 
several measured threshold pion parameters*~® 
requires knowledge of R, and a value near that 
predicted is required for agreement. Several 
groups’ ~* have investigated Reactions (1) and (2) 
near threshold, and have determined that the 
ratio Ry lies in the range 1.3 to 2.1, before Cou- 
lomb corrections are made. However, their 
knowledge of the final-state parameters was 
generally insufficient to allow a detailed correc- 
tion. 

Baldin* has employed the impulse approxima- 
tion to calculate the corrections needed to account 
for the Coulomb interactions between all final- 
state particles in Reaction (1); no correction is 
necessary in Reaction (2). We have uniquely 
determined the kinematical parameters required 
for the Baldin corrections in the energy range 
152 <k <175 Mev. 

The experimental arrangement is shown in 
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FIG. 1. 
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Synchrotron 


Fig. 1.°° In an auxiliary experiment, a pair 
spectrometer was used to determine both the 
peak energy and the spectrum of the hardened 
bremsstrahlung beam incident on the bubble cham- 
ber. All together, 1300 analyzable 1~ events and 
450 7+-~ + events were found. After the multi- 
pronged events were located, each was measured 
and the angles and lengths of the tracks were cal- 
culated. By means of energy-momentum con- 
servation laws we were able to determine com- 
pletely any 7~ event in which three prongs were 
visible and those events in which only two prongs 
were visible but both prongs stopped in the cham- 
ber. The background of single-prong heavy- 
particle events was about one per picture. The 
occasional scattering of a photoproton by a deu- 
teron was distinguished from Reaction (1) on the 
basis of kinematics, ionization, or location of 
the vertex. 

Reaction (2) was identified by the characteristic 
range of the muon (1.004+ 0.053 cm in the bubble 
chamber), and in 27% of the cases by the electron 
decay of the muon as well. Because of the re- 
quirement for identification of the 7+, the 7* and 
m~ energies accepted for the calculation of R were 
limited to energies (lab) of 3 to 9 Mev. A total 
of 299 7* (out of 450 observed) and 369 7~ events 
satisfying all criteria was found within these en- 
ergy limits. Corrections were made for the 
efficiency of observing the events by means of a 
Monte Carlo calculation on an IBM 704. An ad- 
ditional 9.5% correction was applied to the 7~ 
data to account for scanning efficiency and for 
events missed because both recoil protons were 
invisibly short or too short to be measured satis- 
factorily. For consistency in the evaluation of 
the ratio Ry, two-body kinematics were used to 
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determine & in both reactions, because they were 
necessary in Reaction (2). 

Using the impulse approximation, Baldin* has 
calculated the spin-flip part of the cross section 
for 7~ production from deuterium as 


870 /apag =A(p, q)|K*~ I”, 


where the final-state Coulomb interactions are 
ignored in obtaining the values for A(p,q). Near 
threshold, the no-spin-flip term is negligible. 
The quantities p and q are, respectively, half 
the vector difference and the vector mean of the 
momenta (lab) of the recoiling nucleons, and 
|K‘~|? is the square of the matrix element for 
Reaction (3). By using exact Coulomb wave 
functions, values of A“( p, q) are also obtained 
to replace A( p, g) when p -p final-state Coulomb 
effects are included. From Baldin’s tabulated 
values we have applied a correction by weighting 
each event by the ratio A( p, q)/A‘“( p,q). The 
average value of the correction is +5.49%. 

The z -p final-state Coulomb correction (aver- 
age value = -14.6%) was estimated for each pion 
momentum (lab) BD, by dividing the number of 
events of pion momentum Py by Baldin’s expres- 
sion 


ce 27e? 
Ip -4/M | ; 


This correction is roughly independent of photon 
energy, for a given pion momentum and direction. 
After both the p-p and 7-p corrections were 
made, the combined average Coulomb correction 
was -8.6%. 

Before Coulomb correction, the average ratio 
was R ,=1.38+ 0.12; after Coulomb corrections, 
the average ratio was R =1.27+0.11. 

The pions included had an average kinetic en- 
ergy (lab) of 6.15 Mev and angle 90 deg, corres- 
ponding to the photon energy (lab) of 162 Mev and 
c.m. pion angle 120 deg, in the two-body (y+p— 
m+ +n) center-of-mass system. However, these 
spectator photon energies range from 152 Mev 
at forward pion angles to 175 Mev in the back- 
ward direction. 

The data, broken down into three bins roughly 
according to spectator photon energy, are pre- 
sented in Table I. The points show the expected 
increasing trend with photon lab energy and pion 
c.m. angle. After Coulomb correction, the two 
points at higher energy are in agreement, within 
statistics, with the dispersion relations and with 
previous experiments in this range corrected for 
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bution for the negative photopion events of Bin II, 
Table I. The abscissa is obtained by subtracting the 
spectator photon energy (obtained from two-body 
kinematics) from the true photon energy for each event. 
The two-body kinematics gave a lab photon energy in 
the range 158 to 165 Mev and a c.m. pion angle @*=90 
to 140 deg for events in this bin. 


final-state Coulomb interactions. The point at 
lowest energy is below the theoretical value by 
two standard deviations. This may reflect the 
influence of the parameter A. If so, this value 
of R corresponds to a value A=+1.1. 

A typical distribution of photon energies con- 
tributing to the bins of Table I is presented in 
Fig. 2. As may be seen, the distribution is 
peaked at its spectator energy, but also has a 
high-energy tail which makes an important con- 
tribution. The distribution is in qualitative agree- 
ment with calculations made by Beneventano 
et al., ° and justifies the use of two-body kine- 
matics in determining the photon energy for ratios 
determined in this manner. 
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TOTAL CROSS SECTION FOR y+n—7 +p NEAR THRESHOLD BY CHEW-LOW EXTRAPOLATION 


William P. Swanson, Duane C. Gates, Thomas L. Jenkins, and Robert W. Kenney 
Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received August 22, 1960; revised manuscript received September 13, 1960) 


The basic reaction 
y+n-1> +p (1) 


has previously been studied’ near threshold by 
measuring the ratio 


R= Oy+d=1 + 2p)/oly+d—1* +2n), 


and inferring the parameters of interest from Rg 
and the measured cross section for the reaction 
y+p-1*+n. Two separate experiments are re- 
quired, and Coulomb corrections to Rg near 
threshold are large and not well understood. 

A new approach to the study of Reaction (1) is 
now possible through the recently developed 
Chew- Low technique? of extrapolating certain 
recoil-nucleon momenta into the nonphysical re- 
gion. The method is both powerful and quite 
general. When the method is specialized to treat 
the reaction 


y+d-n +2p (2) 


near threshold, the data are extrapolated to a 
pole in the transition amplitude in the nonphysical 
region of negative kinetic energy of the recoiling 
spectator proton [of Reaction (2)]. The residue 
of this pole is proportional to the T matrix for 
Reaction (1). At the pole, the “spectator” pro- 
ton has a negative kinetic energy in the final 

state just equal to its share of the (negative) deu- 
teron binding energy in the initial state. The re- 
coil proton is really a noninteracting spectator 

at the pole in the nonphysical region. The total 
cross section near threshold for Reaction (1) on 
free stationary neutrons, deduced directly from 
the extrapolation, involves no uncertainties 


arising from the presence of the second nucleon 
in the target deuteron. The Chew- Low method 
requires somewhat greater numbers of events 
than usual for a given statistical error in the 
result, but this difficulty is compensated by the 
new ability to use unstable particles as free sta- 
tionary targets. 

Reaction (2) was observed in a deuterium bub- 
ble chamber,’ with complete final-state kine- 
matics known for each event. These data were 
extracted from the observations discussed in the 
authors’ previous Letter. 

The free-nucleon cross sections o(y+n-1 +p) 
have been obtained at five effective photon en- 
ergies by this method, which requires that one 
carry out the following limiting procedure: 


M, (p?+a?)? 8o 
M, (w? - M,*) ap? dw? 





4nk? 
o(w*) = en a? fT? 


Here k = laboratory-system photon energy, Mj 
=deuteron mass, M,=proton mass, M, =neutron 
mass, p= memeinen (lab) of recoil proton (lower- 
energy proton), a?= (deuteron B. E.)My, w =inter- 
nal total energy of the (1 +p) system, ['?= (4/My ) 
xa/(1-ar,), r,=n-p triplet effective range, oan 
h=c=p=1. 

In compiling the data, plots of the events, such 
as Fig. 1, were used. The curves in p”, w? de- 
signate the boundaries for kinematically possible 
values of p? and w® for the photon energies 160 
Mev and 165 Mev. 

The data were averaged over those real pho- 
ton energies from 150 to 180 Mev which were 
capable of contributing to the various w? bins. 
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FIG. 1. Polology diagram in 
p? and w*. Here, p is the mo- 
mentum of the spectator proton 
(lower lab kinetic energy), and 
w is the total internal energy of 
the remaining (1~ +p) system 
@i=c=y=1). The curves are 
kinematical boundaries in these 
variables within which events 
from the corresponding real 
photon energy must fall. The 
rectangular bins at 61.05 are 
those used in obtaining the 
points of Fig. 2. The events 
plotted here are at photon en- 








Sos 60.0 60.5 61.0 61.5 62.0 ergy (lab) R=160 to 165 Mev. 
L_ we cal 
150 160 170 
Effective photon energy (Mev) 

The results of extrapolations to the desired in Fig. 2. The data lie in the interval 0.3 <p? <0.9. 
cross sections at five effective lab photon ener- Since the form of the extrapolating function is not 
gies for the free-nucleon reaction y+n—-n +p known, we are somewhat at a disadvantage; how- 
are presented in Table I. The effective lab pho- ever, a simple behavior is expected in this re- 
ton energy is uniquely specified by a given value gion. Although zero-, first-, and second-order 
of w, the total energy in the 7 -p c.m. frame in polynomials were tried as extrapolation functions, 


the final state. A typical extrapolation is shown a straight line was indicated at the three lowest 


Table I. Extrapolations for o(y+n—-1 + 2p). 





Laboratory photon energy (Mev) 





Extrapolation 153.4 158.6 163.7 168.9 174.1 
form Quantity* (w?=60.05)  (w?=60.55)  (w*=61.05) (w?=61.55)  (w*=62.05) 
One-parameter N 7 7 7 6 7 
(weighted average) M 6 6 6 5 6 
x?/M 0.73 2.46 1.45 0.70 1.19 
Sm eee eee eee eee ese 
oXx10,cm? 4.05+0.45° 5.53+41.04 8.34+1.16 7.8041.00 11.83+2.07 
Two-parameter N 7 7 7 6 7 
(straight line) M 5 5 5 4 5 
x?/M 0.16 0. 86 0.72 0. 86 1.26 
Sm 22.64 12.21 7.39 0.04 0.66 
oXx10",cm? 7.3340.72 12.3842.06 15.23+2.70 8.67+4.45 6.73 +6. 66 
Three-parameter N 7 7 7 6 7 
(parabola) M 4 4 4 3 4 
x2/M 0.19 1.07 0.87 1.13 0. 86 
0.31 0 0.11 0.04 3.33 


ox10",cm? 8.91 +2.93 12.18+8.58 11.74410.85 12.42418.55 35.84 +23.96 





4N = number of points to be fitted; M=number of degrees of freedom; Sy, = parameter for Fisher F test; 0=ex- 
trapolated cross section o(y+m—~1~ +p). 
bsee caption of Fig. 3. 
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FIG. 2. Polology extrapolation for w?=61. 05 
(Regp(lab) = 163.7 Mev]. The data in the interval 
0.3=p?<0.9 are extrapolated by means of a straight 
line to the nonphysical value p?=-0.107. At the ex- 
trapolated point, the ordinate of the extrapolating 
function is the cross section o(y+n—1~ +p). 


photon energies by the x’ test and the Fisher F 
test. The two higher-energies gave conflicting 
results as to the best choice of extrapolation 
forms. As Table I shows, the errors on the re- 
sults depend strongly on the polynomial used. 

The extrapolated cross sections divided by 
4nW, obtained somewhat arbitrarily by using the 
straight-line extrapolation, are plotted in Fig. 3, 
where 





sate Oly+n—n +p) w-—™ ' 
’ 4nW ’ (1+ v/M)? ’ 


q is the pion momentum, w is the pion total en- 
ergy, and vy is the photon energy, each in the 
C.m. system, and M is the nucleon mass (hf =c 
=y=1). The curve accompanying the points in 
Fig. 3 is that calculated by Hamilton and Wool- 
cock® from the dispersion relation of Chew et al.* 
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FIG. 3. Values of a) obtained by dividing the ex- 
trapolated cross sections of Table I by the phase- 
space factor 4nW. The curve is based on the disper- 
sion relations of Chew et al. (reference 4), and is 
taken from the paper of Hamilton and Woolcock (refer- 
ence 3). The value x?/M=0.19 for the lowest energy 
point indicates that the purely statistical error may be 
somewhat too small, and is a reflection of the acci- 
dental juxtaposition of the extrapolation points and a 
straight line. 


with f?=0.08 and N‘“”=0. 

When a, is compared with experimental values® 
for a,*, an average ratio R = 1.7+ 0.2 is obtained 
in the interval from threshold to 174 Mev. These 
results (not definite) are a first example showing 
the feasibility (as well as the difficulty) of the 
Chew- Low extrapolation procedure. 





‘See references in W. P. Swanson, D. C. Gates, 
T. L. Jenkins, and R. W. Kenney, preceding Letter 
(Phys. Rev. Letters 5, 336 (1960)]. 

2G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 
(1959). 

3J. Hamilton and W. S. Woolcock, Phys. Rev. 118, 
291 (1960). 

4G. F. Chew, M. L. Goldberger, F. E. Low, and 
Y. Nambu, Phys. Rev. 106, 1345 (1957). 

5G. Bernardini, in Proceedings of the 1959 Inter- 
national Conference on High-Energy Physics at Kiev 
(to be published). 
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PION PARAMETERS FROM HIGH-ENERGY INELASTIC INTERACTIONS* 


S. D. Drell 
Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 





(Received August 25, 1960) 


In an earlier Letter’ we employed the physical 
principle that a transition amplitude has a pole 
for real one-particle intermediate states, to 
study the photoproduction of secondary beams of 
high-energy particles. We found there that pho- 
tons are very effective in initiating collimated 
beams of some very high-energy strongly inter- 
acting particles. It is the object of this note to 
apply these “polology” considerations to further 
experiments in order to check their quantitative 
content as well as to determine parameters of 
interest in pion physics such as the strengths of 
the (tmm7), (ymm7), and (17KK) interactions. 

What we propose here is a straightforward 
extension to different inelastic processes of the 
work of Chew and Low.” Our main point is il- 
lustrated by comparing Figs. 1 and 2 for elastic 
and inelastic nucleon-nucleon scattering. For 
forward elastic scattering as shown in Fig. 1 
we are near the pole for exchange of one real 
pion between (a) and (b). The pole is at (p- gq)’ 
=” or, in terms of the scattering angle @ and 
the magnitude of the momentum of a nucleon, 2, 
in the barycentric system, at cosé =1 + ?/2k?. 
Chew’ proposed extrapolating to the pole by letting 
@~ 0° at fixed &, the hope being that the contri- 
bution from Fig. 1 would dominate in the physical 
region near the pole. In practice* this has turned 
out to be a difficult procedure and the main rea- 
son is that the nucleon is being requested to 
emit and absorb a low-velocity pion at forward 
scattering angles, with the limit v, ~0 at @+0°. 
For pseudoscalar mesons the coupling to nucleons 
is proportional to v, as v, ~ 0 and so the ampli- 











FIG. 1. Diagram for one-pion contribution to elastic 
nucleon-nucleon scattering. 
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nucleon-nucleon scattering. 


tude at the pion-nucleon vertex vanishes at 6 =0°. 
Therefore the amplitude corresponding to Fig. 1 

is reduced for small scattering angles, its con- 
tribution to the cross section being proportional | 
to 


4(p-q-M*)? _ 
[(p- 4) - uF 


In this circumstance it is possible that contri- 
butions from heavier intermediate states con- 
necting (a) and (b) in Fig. 1 may be relatively 
important and should be included in the analysis 
even though their singularities are more re- 
moved from the physical region. 

For the inelastic scattering, Fig. 2, we are 
also near the pole for the one-pion exchange. 
However, two factors are operating here to give 
a large cross section for a high-energy nucleon 
to emerge in the forward direction at 67 ~ 0° 
along with anything else (m). First of all, by 
opening up the vertex at (5) to all inelastic chan- 
nels (m) we have replaced the amplitude for pion 
absorption which vanishes as v, ~ 0, by a total 
inelastic cross section which is =30 mb in the 
Bev range. This removes one of the vanishing 
factors in the numerator of Eq. (1). Secondly, 
the vertex at (a) does not vanish either since the 
incident nucleon transfers energy to the pion 
emitted there. The pion emerges with a finite 
velocity and therefore with a finite amplitude, 
proportional to 





1 -cos@ . R 
1 -cosé + u*/2k*} ° ) 





*a- = - 2 
b-q-M* (MO /2)E , Eo) /E Fg 











FIG. 2. Diagram for one-pion contribution to inelastic 
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for relativistic nucleons and @;=0°; here Ep is 
the energy of the incident nucleon and Eg and 

6), are the energy and angle of the observed final 
nucleon in the laboratory frame of reference. 
The parameters should be chosen so as to locate 
the pole in the pion propagator near to the physi- 
cal region and therefore to make the extrapolation 
to it feasible. This will be the case for a small 
energy loss A=Ep -Egs(u/M)E , and small 
scattering angle 6);~u/E p Then Fig. 2 should 
dominate the inelastic cross section which, sum- 
med over all final states (m), is 





1 /G p-q-M 
PoE EQ a ze) (p-q-M* + $y’) 
dQ E 
x—2 4 Zod 0 (A), 


4n Q@ 1 +X, total 

“p (2) 
where G?/4n =(2M/y)*f? with f? the pion-nucleon 
constant which, by pion-nucleon scattering, is 
=0.08. Simplifying for small angles and energy 
losses, Eq. (2) becomes 


3 (OF, /pY +(MA/nE ? 
Q I $= all F OF, ESE ma 


Q 2 
a8, Mads. 


*“ u* 


E,,E 
POE» 





(A). 
(3) 


"n +X, total 


Equations (2) and (3) lead to an intense flux of 
inelastically scattered nucleons in the forward 
direction which should be readily measurable. 

For E,=6 Bev, Eg=5 Bev, and 6]= B/E p=1%°, 

the cross section is 35/70, .¥ tota)(1 Bev) sr~* 
Bev~'. Experimental test "ot (3) by measure- 
ments of the inelastic nucleon spectrum at fixed 
energies Ey and Eg and decreasing 9) is of 
interest for three reasons. First, it checks the 
mechanism underlying this formula and gives an 
independent determination of f? in terms of meas- 
ured pion- and nucleon-initiated inelastic proc- 
esses. We would like to know what, if any, is the 
region of high energy and small angles in which we 
can attach quantitative significance to (3). Second, 
if it is found that an accurate extrapolation is 
practical on the basis of (3), we may turn it 
around and use it as a means of measuring 7°- 
nucleon cross sections. Third, if the extrapola- 
tion is successful it opens the door to several 
further experiments which offer the hope of 
measuring other coupling constants of importance 
in pion physics. 





FIG. 3. Diagram for one-pion contribution to the 
process 1+X — 1, +7,+(%). 


One of these is the 7-7 scattering length which 
is measured by the experiment® indicated in 
Fig. 3. In this process, a pion of four-momen- 
tum k:(w, k) is incident on a nucleon target and 
two high-energy pions, q,:(,,4,) and q,:(w., 4.) 
are observed in coincidence emerging in the 
forward cone of opening angle 6,.~u/k. Sum- 
ming again over inelastic channels (”), we ob- 
tain just as before (footnote 2 of reference 1) 
for the differential cross section to detect the 
two emerging pions 


d°o a” 1» Ie) 
7,7 
16 1A(s,, S2,5,)17 dQ, dQ, 











~ a (8,45, +8,-4u") 4n 40 
(w -w, - W,)w,w.dw,dw, 
' w on +X, total” ~W, ~ Ws). 
(4) 


In (4) we use the following notation: s, =(k-4,)’, 
S.=(R- G2), S3=(q, +42); [51 +5, +53 -4u7]” 

=[(k - 4, - 92)” - u?]" is the pion propagator; 

A(s,, Sg, S,) is the invariant amplitude for 1-7 
scattering as defined by Chew and Mandelstam® 
and is the object of interest on the mass shell 
S,+S,+S,=4u. The invariant momentum trans- 
fers s; are all small, =y.?<w for forward scat- 
tering angles 6,, 6,, and x as shown in Fig. 3: 


a? 2 
eu w,) s mes | 





Ww, mi 


| (w - w,)? 4 ww ‘| , 
z ’ 
WW, mn 





S, =-p 





Ss, =p? 





Therefore we try the scattering length approxi- 
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mation to A: 
A, =-5a, A,'=0, A, = -2a, (5) 


where the lower and upper indices indicate the 
orbital and isotopic angular momentum channels, 
respectively. The scattering lengths are the 
extrapolation to the symmetry point s, =s,=s, 
=(4/3)u? of the 7-7 scattering amplitude, and 

dA is the coupling strength in terms of which Chew 
and Mandelstam® have formulated their solution.’ 





P-wave contributions vary as (s, - s,) near the 
symmetry point and in principle may be studied 
along with effective-range corrections to (5). 
By carrying out the experiments for (4) with dif- 
ferent combinations of pion charges, one can 
check predictions of (4) that are independent of 
the magnitude of A. For example, choosing 

S, = S, to remove p-wave effects, the ratio of 
cross sections I (1+ incident, 27*’s detected) to 
II (x~ incident, 7*n~ detected) to III (1* incident, 
1*n~ detected) is 


«TT. = 2;2 [2 0;2 1 2;2 [2 0;2 1 2)\2 =~ 9-Q- 
E:W:MM = 1A 57170 :[§1A,°1? + $1471? ]o 2 §1A 91? + $1A 0 IJ, = 2:9:9[0 4 /o _,). (6) 


0 T 


Whether or not it is possible to make accurate 
determinations of scattering lengths and effective 
ranges in this way, it will be very valuable to 
see if the amplitude A is especially large or 
small. 

Another experiment of this type corresponds 
to replacing the incident pion by a photon in 
Fig. 3 and measures the strength of the y ~37 
vertex which is of interest in connection with the 
understanding of the isotopic scalar part of the 
electromagnetic form factors of nucleons. Aside 
from reinterpretation of A as the y — 37 coupling 
constant, it is only necessary to change -4” to 
-3? in the propagator in Eq. (4) for this appli- 
cation. We might similarly also get an idea of 
the strength of the (17KK) interaction by detecting 
a KK pair instead of a mm pair emerging in Fig. 3 
from an incident pion. The appropriate modifi- 
cation of Eq. (4) is -4? ~ -2u? - 2,” in the 
propagator. 

The counting rates for these coincidence ar- 
rangements are “reasonable” according to D. M. 
Ritson, to whom the author is grateful for valu- 
able discussion. It is also a pleasure to acknowl- 
edge a valuable discussion with J. D. Bjorken. 


Note added in proof. At the Tenth International 
High-Energy Conference at Rochester, F. Salz- 
man and G. Salzman reported related consider - 
ations for one-pion exchange processes in pion- 
nucleon collisions [Phys. Rev. (to be published) ]. 
They observed that the 7-7 interaction is meas- 
ured in the process 7 +nucleon ~37+nucleon. In 
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addition, it is interesting to note in connection 
with Eqs. (2) and (3) that the ratio of cross sec- 
tions corresponding to Fig. 2 for incident anti- 
protons to the cross sections for incident protons 
measures the ratio of G’ for coupling of pion to 
antinucleon to G for coupling of pion to nucleon. 





*Supported in part by the U. S. Air Force through 
the Air Force Office of Scientific Research. 

'S. D. Drell, Phys. Rev. Letters 5, 278 (1960). 

*G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 
(1959). 

5G. F. Chew, Phys. Rev. 112, 1380 (1958). 

‘Pp. Cziffra and M. J. Moravesik, Phys. Rev. 116, 
226 (1959). Extrapolations of recent measurements 
have indicated somewhat different and smaller coupling 
constants [G. F. Chew and W. R. Frazer (private 
communication)]. A similar difficulty faces the extra- 
polation in cos@ for single pion photoproduction [J. G. 
Taylor, M. J. Moravcsik, and J. L. Uretsky, Phys. 
Rev. 113, 689 (1959)). 

5Comparing with the Chew-Low proposal (reference 2) 
to measure the 1-7 scattering cross section in the 
reaction 7+N—-2+2+N, this has two factors in its 
favor: Just as we saw in comparing elastic and inelastic 
nucleon-nucleon scattering (Figs. 1 and 2), we here 
take advantage of the large absorption amplitude at 
(b) in Fig. 3. In addition the present experiment calls 
for a double and not a triple coincidence arrangement. 

8G. F. Chew and S. Mandelstam, Phys. Rev. 119, 
467 (1960). 

'G. F. Chew, S, Mandelstam, and P. Noyes, Phys. 
Rev. 119, 478 (1960). Values of A are limited to the 
range -0.46<A<+0.3. 

















60 


i. 


ns 


40 


se 2) 


astic 














VoLUME 5, NUMBER 7 


PHYSICAL REVIEW LETTERS 


OcToBER 1, 1960 





ABSTRACTS 


In this section are printed the abstracts of Articles 
that have been forwarded to The American Institute of 
Physics for publication in THE PHYSICAL REVIEW. 
In quoting information obtained from this section be- 
fore the appearance of the corresponding Article, ref- 
erence should be made to “Physical Review (to be 
published)” rather than to this Journal. 








THEORETICAL STUDY OF THE ELECTRON 
DRIFT VELOCITY IN BINARY GAS MIXTURES 
WITH APPLICATIONS TO A-CO, AND A-N, 
MIXTURES. Martin A. Uman, Department of 
Electrical Engineering, Princeton University, 
Princeton, New Jersey, and Elcon Laboratory, 
Incorporated, Cambridge, Massachusetts, and 
George Warfield, Department of Electrical En- 
gineering, Princeton University, Princeton, New 
Jersey (Received May 17, 1960). 


Starting with the Boltzmann equation, a theo- 
retical expression is developed for the electron 
drift velocity in a binary gas mixture. The 
theory reduces to that of Morse, Allis, and La- 
mar in the absence of one of the gases. The 
theory is applied to pure argon and to mixtures 
of A-0.1%CO,, A-0.16%CO,, A-1.0%CO,, 
A-0.1%N,, A-0.5%N,, and A-1.0%N,. The theo- 
retical drift velocity curves for A-CO, are in 
close agreement with experimental data, where- 
as the A-N, curves differ from experimental 
data. Possible reasons for this discrepancy 
are discussed. 


EFFECT OF TARGET GAS TEMPERATURE ON 
THE SCATTERING CROSS SECTION. Arnold 
Russek, Department of Physics, University of 
Connecticut, Storrs, Connecticut (Received 
April 25, 1960). 


If a beam of particles is scattered by a gas or 
plasma, the differential scattering cross section 
that is observed experimentally may, in some 
cases, be altered a discernible amount by the 
random thermal motion of the target particles. 
In order to explore the feasibility of using this 
effect as a means of measuring high tempera- 
tures, or to correct for the temperature of the 
target in the event that the desired cross section 
must be measured at high temperatures, this 
work presents a theoretical study of the tem- 


perature dependence of the cross section. A 
general expression is obtained for the observed 
differential scattering cross section in the labo- 
ratory frame in terms of the differential cross 
section in the center-of-mass frame for the 
general case of arbitrary initial motion of the: 
target. Detailed results for the temperature de- 
pendence are given for hard-sphere scattering 
(which is also applicable to low-energy neutron 
scattering) and for Coulomb scattering, in the 
approximation in which the projectiles are light 
and rapidly moving, compared to the targets. 
For hard-sphere scattering, the case of equal 
projectile and target masses is also considered. 


MEASUREMENT OF THERMAL FLUCTUATIONS 
IN RADIATION. Martin Harwit,* Department of 
Physics and Naval Supersonic Laboratory and 
Research Laboratory of Electronics, Massachu- 
setts Institute of Technology, Cambridge, Massa- 
chusetts (Received June 20, 1960). 


The thermal fluctuations in radiation are de- 
scribed by the Einstein-Fowler relation ((AE)*) 
=kT*(8(E) /aT). Two terms contribute to this 
fluctuation, a photon shot noise term and an ex- 
pression predicted by wave theory. In the present 
experiment the second term has been measured. 


*Now at Cavendish Laboratory, Cambridge Univer- 
sity, Cambridge, England. 


ELECTRON DENSITY FLUCTUATIONS IN A 
PLASMA. E. E. Salpeter, Newman Laboratory 
of Nuclear Studies and Center for Radiophysics 
and Space Research, Cornell University, Ithaca, 
New York (Received July 18, 1960). 


We consider the spatial Fourier transform ppe 
for wave vector k of the charge distribution of 
the electrons in a plasma with particle density 
n, electron and ion temperatures T and T;, and 
Debye length D. We assume the absence of a 
magnetic field, neglect collisions, and assume 
nD*>1. The statistical average of |p,,|” is 
calculated as a function of a =1/kD assuming 
complete thermodynamic equilibrium; that com- 
ponent of |p,, |? which keeps in phase with the 
ion charge density fluctuations is also calculated. 

The frequency spectrum of the time-varying 
function pp, is obtained at thermal equilibrium 
and simplified, assuming the ion mass to be 
much larger than the electron mass, for general 
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values of a and T7/T;. For small @ the main 
component of the spectrum has the characteristic 
Doppler broadening shape corresponding to the 
electron’s thermal velocity. For large a we have 
a component with narrow width corresponding 
roughly to the ion-velocity Doppler spread and 
very narrow side bands at plus and minus the 
frequency of electrostatic plasma oscillations. 


LINKED-CLUSTERS EXPANSION IN QUANTUM 

STATISTICS: PETIT CANONICAL ENSEMBLE. 

R. Brout and F. Englert,* Laboratory of Atomic 

and Solid-State Physics and Department of Phys- 
ics, Cornell University, Ithaca, New York (Re- 

ceived May 13, 1960). 


A linked-cluster expansion for the free energy 
in the petit canonical ensemble is presented and 
proved. It has the advantage of avoiding the in- 
troduction of the unknown chemical potential in 
the perturbation series. As a consequence of = 
correlations among the population numbers n(k), 
additional linkages representing these correla- 
tions appear. The result is used to find the 
ground-state energy of a many-body fermion 
system. This expression reduces to the Brueck- 
ner-Goldstone expansion only in the case of cen- 
tral forces in an isotropic system, a theorem 
due to Kohn, Luttinger, and Ward. It is also 
shown that in the random phase approximation, 
correlation bonds do not contribute. Finally the 
relation of our formalism to the Bloch-De Do- 
minicis expansion for the grand partition function 
is discussed. 


*On leave of absence from Université Libre de Brux- 
elles, Bruxelles, Belgium. 


THERMODYNAMICALLY EQUIVALENT HAMIL- 
TONIAN FOR SOME MANY-BODY PROBLEMS. 
G. Wentzel, Enrico Fermi Institute for Nuclear 
Studies, University of Chicago, Chicago, Illinois 
(Received August 1, 1960). 


A method which allows a rigorous treatment of 
the statistical mechanics of a superconductor 
(Bardeen-Cooper-Schrieffer model) is general- 
ized so as to be applicable to a wider class of 
many-fermion or many-boson systems. As an 
illustration, we study a degenerate boson gas, 
adopting the “pair Hamiltonian” of Girardeau and 
Arnowitt. We confirm their finding, for this 
model, that there is a “gap” in the energy spec- 
trum of the lowest excitations. 
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PLASMA THEORY OF ELECTRON-PHONON 
INTERACTION IN METALS. Oldwig von Roos, 
Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, California (Received 
July 27, 1960). 


The transport theory of an electron gas recently 
developed is extended to include the interaction 
with the ions ina metal. The perturbation of 
the lattice vibrations induced by an anisotropy 
of the electron distribution is calculated. Sub- 
sequently the ionic degrees of freedom are 
eliminated from the transport equation of the 
electrons in favor of a long-range electron cor- 
relation term. The influence of this term be- 
comes important at long wavelengths (in the far 
infrared) but constitutes a small perturbation 
for the eigenfrequencies of collective motion of 
the electron gas. Nevertheless the dispersion 
relation for the collective oscillations shows that 
the contributions due to the phonon interaction 
are of the same order of magnitude as the influ- 
ence of thermal agitation. 


DISPERSION RELATION FOR SPIN WAVES IN 
FCC COBALT ALLOY. R. N. Sinclair and B. N. 
Brockhouse, Neutron Physics Branch, Atomic 
Energy of Canada Limited, Chalk River, Ontario, 
Canada (Received August 2, 1960). 


The technique of neutron spectrometry has 
been used to measure the dispersion curve of 
the spin waves in a metal for the first time. The 
momentum distributions of inelastically scattered 
neutrons from a single crystal of fcc cobalt con- 
taining 8% of iron have been observed under con- 
stant-energy-transfer conditions. The observed 
neutron groups (which satisfied momentum and 
energy conservation between the neutrons and 
the spin-wave quanta) enabled the dispersion re- 
lation to be established. The response of the in- 
tensity of the neutron groups to an applied mag- 
netic field was used to identify those of spin- 
wave origin. The dispersion relation is in agree- 
ment with the form predicted by the Bloch- 
Heisenberg spin-wave theory. Over the range of 
measurements, which was limited by the avail- 
able spectrum of neutron energies, approximate 
isotropy was observed to hold. The value of the 
product of the exchange integral and the atomic 
spin is found to be JS = (1.474 0.15) x10? ev. 
Assuming S =0.92, the value for Jis in poor 
agreement with a value obtained from the spin- 
wave interpretation of low-temperature magneti- 
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zation data. Study of the widths of the neutron 
groups leads to the conclusion that the mean 
lifetimes of some of the spin waves are greater 
than 3x107** sec. 


QUADRATIC DEVIATIONS FROM OHM’S LAW 
IN n-TYPE InSb. R. J. Sladek, Westinghouse 
Research Laboratories, Pittsburgh, Pennsylva- 
nia (Received August 1, 1960). 


Measurements of the resistivity of n-type InSb 
of various carrier concentrations have been made 
as a function of electric field strength at low 
temperatures. The electric fields were kept 
small enough so that only a slight heating of the 
electron distribution occurred and the electron 
mobility » satisfied the relation u = ,(1+ 8 F*), 
where pt, is the Ohmic mobility and F the electric 
field. 

Analysis of our experimental values of 8 yields 
information about the processes by which elec- 
trons lose momentum and energy and about the 
influence of carrier degeneracy and electron- 
electron scattering upon these processes. For 
example, at 4.2°K, piezoelectric scattering is 
responsible for most of the energy loss, while 
near 77°K polar optical scattering, enhanced by 
strong electron-electron scattering, is respon- 
sible for energy loss, at least in zero magnetic 
field. 

A novel means of changing the sign of the de- 
viation from Ohm’s law near 77°K was observed 
by applying a strong magnetic field. 


FERRIELECTRICITY. Charles F. Pulvari, De- 
partment of Electrical Engineering, Solid State 

Research, The Catholic University of America, 

Washington, D. C. (Received June 10, 1960; re- 
vised manuscript received August 20, 1960). 


A new group of materials has been found ex- 
hibiting ferroelectric behavior. It was found that 
this behavior appears in a mixture of antiferro- 
electric compounds (sodium vanadate and sodium 
niobate; also sodium niobate and silver niobate) 
neither of which exhibits this phenomenon at low 
field strength in its pure state. Coercivity as 
well as polarization is composition dependent. 
The onset of the ferroelectric state is a function 
of applied field, which in some compositions is 
considerably higher than the coercive field. 
Switching transients of a form not previously re- 


ported are exhibited by these materials. It is 
believed that these findings open the way to a 
new assembly of ferroelectric materials having 
unique and useful properties. 


ELASTIC CONSTANTS OF £ TIN FROM 4.2°K 

TO 300°K. J. A. Rayne and B. S. Chandrasekhar, 
Westinghouse Research Laboratories, Pittsburgh, 
Pennsylvania (Received July 18, 1960). 


The adiabatic elastic constants of § tin have 
been measured in the temperature range 4.2°K 
to 300°K, using the ultrasonic pulse technique. 
An unusually large variation with temperature of 
the shear constant 3(c,, - c,,) has been observed. 
From the elastic constants extrapolated to 0°K, 
the limiting value of the Debye temperature of 
tin has been calculated. Using this value, the 
low-temperature specific heat data on both nor- 
mal and superconducting tin have been re-eva- 
luated. 


DIELECTRIC CONSTANT AND DIELECTRIC 
LOSS OF TiO, (RUTILE) AT LOW FREQUEN- 
CIES. Rebecca A. Parker and John H. Wasilik, 
National Bureau of Standards, Washington, D. C. 
(Received July 29, 1960). 


Measurements have been made of the complex 
capacitance (C =C’ -iC’’) of undoped, high- 
resistance, single-crystal TiO, (rutile) in va- 
cuum at 78, 195, 273, and 300°K as a function 
of frequency between 10' and 3 x10° cps with a 
0.1-volt ac signal. With the field in the c direc- 
tion, one low-frequency loss peak is found at 
200 cps. The capacitance C’ and loss C”’ of a 
2-mm cube with the field in the c direction are 
characterized by 1/277 =200 sec™’, tandooq cps 
=0.7, and a dielectric constant (€’)y Mc /sec of 
170, while (€’)99 cps =30000. The loss and low- 
frequency capacitance of the crystal are directly 
proportional to the area of the electrodes and 
depend but slightly on the sample thickness, 
electrode materials, and surface treatment. C’ 
and C’’ have been measured at 300°K as functions 
of the oxygen vacancy concentration in the crys- 
tal. C’ and C’’ have also been measured as func- 
tions of dc bias from 0 to 400 volts; (C’)oo cps? 
(C’’)max and 7 are proportional to V-” where 
n is between 0.3 and 0.8. The results of the ex- 
periments can be explained by an electron- 
deficient barrier layer whose thickness increases 
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with increasing applied dc voltage. When the dc 

voltage in the c direction is changed, effects are 
observed whose time constants are of the order 

of hours or even days. 


ENERGY MODEL FOR EDGE EMISSION IN 
CADMIUM SULFIDE. L. S. Pedrotti, Depart- 
ment of Physics, Institute of Technology (AU), 
Wright-Patterson Air Force Base, Ohio, and 
D. C. Reynolds, Aeronautical Research Labora- 
tories, Wright-Patterson Air Force Base, Ohio 
(Received July 29, 1960). 


The blue and green fluorescence emitted by 
CdS single crystals subjected to ultraviolet ra- 
diation at low temperatures has been examined 
in the temperature interval from 4.2°K to 77°K. 
The spectral position and relative intensity of 
certain lines found in this fluorescence have been 
measured as a function of temperature between 
4.2°K and 77°K. The degree of polarization of 
the fluorescence has been investigated at 4.2°K. 
From these data an energy model is proposed 
which accounts for the transitions leading to the 
blue and green fluorescence at 4.2°K, the change 
in these transitions as the temperature increases 
from 4.2°K to 77°K, and the transitions leading 
to the blue and green fluorescence at 77°K. 


METHOD FOR DETERMINING GROUND-STATE 
SPIN CONFIGURATIONS. D. H. Lyons and T. A. 
Kaplan, Lincoln Laboratory, Massachusetts 
Institute of Technology, Lexington, Massachu- 
setts (Received June 29, 1960). 


The method of Luttinger and Tisza for finding 
the rigorous minimum of a quadratic form sub- 
ject to certain strong constraints is generalized. 
In the extended method, one still minimizes the 
quadratic form with respect to a single weak 
constraint, which, however, now contains ad- 
justable parameters. In determining the ground 
state for the classical Heisenberg exchange en- 
ergy, some cases involving crystallographically 
nonequivalent spins can now be handled. The 
following applications are made. The ground 
state for a linear chain with two different types 
of spins is obtained. We then prove that in the 
cubic spinel the Néel configuration is the ground 
state if it is locally stable—that is, it is never 
metastable. This result was assumed in a recent 
perturbation theory of spin configurations. Fi- 
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nally, a similar result concerning the Yafet-Kitte] 
triangular configurations in noncubic spinels is 
discussed. In the course of the analysis it is 
shown that the ground state is always a spiral for 
any lattice in which the spins are equivalent. 


VACANCY MIGRATION COMPUTATIONAL 
EXPERIMENTS USING A MONTE CARLO METHOD. 
J. R. Beeler and J. L. McGurn, Aircraft Nuclear 
Propulsion Department, General Electric Com- 
pany, Cincinnati, Ohio (Received July 25, 1960). 


The development of the microscopic lattice 
occupancy pattern produced in an infinite two- 
dimensional binary alloy by isothermal single 
vacancy migration is described using statistical 
(Monte Carlo) experiments. The lattice cell 
was square. When the long-range order was 
small, the growth of the single vacancy diffusion 
area was contracted, relative to that predicted 
by diffusion theory, by order traps. Vacancy 
migration proceeded as a repetitive sequence of 
three stages: a filamentous excursion, forma- 
tion of an order trap and localized motion in the 
trap, followed by escape from the trap. Escape 
from the trap was accompanied by a partial 
destruction of short-range order in the trap 
region. The escape path from a trap served as 
the filamentous excursion to the next trap posi- 
tion. A complete, three-stage cycle usually re- 
quired a few hundred jumps, and in no instance 
was more than 1000 jumps requited. GE-ANPD 
Monte Carlo Program 0362 for the IBM 704 com- 
puter was used to run the experiments. 


EXCHANGE AND CORRELATION CORRECTIONS 
TO THE ELECTRON-PHONON INTERACTION. 
Daniel Hone, University of Illinois, Urbana, Ili- 
nois (Received August 1, 1960). 


The method of Bardeen and Pines for treating 
electron-phonon interactions in normal metals is 
extended to include exchange and correlation ef- 
fects. The interaction matrix element is found 
to depend not only on electron momentum trans- 
fer but also on the initial electron wave vector. 
An average over initial wave vector direction is 
therefore made; the average taken is discussed 
as being more reasonable than that of Bailyn in 
a previous treatment. Shielding is also intro- 
duced in a more physical manner than in Bailyn’s 
paper-—via the dielectric constant as it arises in 
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the random phase approximation. An alternate 
method of treating the problem in the long-wave- 
length limit—employing deformation potential 
techniques—verifies the results of the above 
method in this limit. 


RANGES OF 7.5- TO 52-kev H,*, D,*, Het, AND 
Ne* IONS IN QUARTZ. R. L. Hines, Northwestern 
University, Evanston, Illinois (Received July 

11, 1960). 


Experimental values of penetration depths of 
positive ions in quartz obtained from measure- 
ments of reflection coefficient versus wavelength 
are compared with theoretical predictions. Meas- 
urements of the change in refractive index of 
quartz as a function of the energy dissipated per 
unit volume are shown to give experimental 
values for the ratio of energy loss due to dis- 
placement collisions per unit thickness to the 
energy loss due to ionization per unit thickness. 
The energy loss due to displacement collisions 
per unit thickness agrees with theoretical pre- 
dictions. From the experimental values of energy 
loss due to ionization, it is found that the cross 
sections for scattering of valence electrons by 
the field of the incident atoms are an order of 
magnitude larger than the geometric cross sec- 
tions. 


ELECTRON PARAMAGNETIC RESONANCE OF 
MANGANESE IN TiO,. Harro G. Andresen, 

U. S. Army Signal Research and Development 
Agency, Fort Monmouth, New Jersey (Received 
May 24, 1960; revised manuscript received 
August 2, 1960). 


The paramagnetic resonance spectrum of a 
manganese-doped single crystal of TiO, in its 
rutile structure was investigated at a frequency 
of 9.505 kMc/sec at room temperature. The 
following results were obtained: The manganese 
atoms replace the Ti** ions in the rutile and exist 
as tetravalent ions having a spin value of S=3/2 
and strong admixtures of covalent bonds to their 
six oxygen neighbors. The parameters of the 
spin Hamiltonian were determined to be: g=1.990, 
\D| =12.1 kMc/sec, and |E| =0.388 kMc/sec. 
Within the accuracy of this experiment the mag- 
netic hyperfine structure was isotropic and could 
be described by |A| =215 Mc/sec. 


PULSED-FIELD MEASUREMENTS OF LARGE 
ZERO-FIELD SPLITTINGS: V** IN Al,0,. 

S. Foner and W. Low,* Lincoln Laboratory, 
Massachusetts Institute of Technology, Lexing- 
ton, Massachusetts (Received July 18, 1960). 


Use of pulsed magnetic fields for determining 
large zero-field splittings of paramagnetic ions 
is considered. Measurements of zero-field 
splittings of over 50 cm™ are feasible; a numer- 
ical example for S=1 is discussed in order to 
indicate the present range and limitations of the 
method. The method is applied to measurements 
of the zero-field splitting of V°* in Al,O, at 4.2°K 
and 1.5°K. Assuming g)=1.92, D =7.85 cm™ 
was determined from experiments with 4-mm 
and 8-mm wavelength radiation and pulsed mag- 
netic fields of the order of 100 kilogauss. The 
magnitude and sign of D are in good agreement 
with earlier estimates from optical and micro- 
wave measurements. 


*Permanent address: The Hebrew University, 
Jerusalem, Israel. 


SHORT- AND LONG-RANGE ORDER PARA- 
METERS IN DISORDERED SOLID SOLUTIONS. 

J. M. Cowley, Division of Chemical Physics, 
Commonwealth Scientific and Industrial Research 
Organization, Melbourne, Australia (Received 
June 23, 1960). 


For a crystalline solid made up of a partially 
ordered array of structural units of more than 
one type, it is shown that the state of order may 
be described and defined in terms of the self- 
convolution, or Patterson, function of the struc- 
ture. The peak heights of the Patterson function 
are proportional to the short-range order para- 
meters, a;. The periodic component is described 
by the long-range order parameters, defined as 
the limiting values of the a; at large distances 
from the origin. The limitations of previous 
definitions of long-range order parameters are 
discussed. 

The interpretation of the Patterson function as 
a vector distribution function forms a basis for 
the calculation of configurational free energy 
and hence the derivation of equations giving the 
order parameters as functions of temperature. 
Some numerical results are obtained for short- 
and long-range order parameters for the alloys 
Cu,Au and 8 CuZn. 

For Cu,Au, and for most other binary alloys, 
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it is shown that two long-range order parameters, 
S$, and s,, are required to specify the state of 
long-range order, rather than the single para- 
meter previously used. The fact that these two 
parameters are not simply related is interpreted 
as evidence for nonrandom fluctuations in the 
composition of the alloy, probably associated with 
the presence of out-of-phase domain boundaries 
which may be rich in one or other of the com- 
ponent types of atoms. It is suggested that a 
regular superlattice of out-of-phase domains may 
be present under equilibrium conditions for most 
alloys. 


RECOMBINATION OF ELECTRONS AND DONORS 
IN n-TYPE GERMANIUM. G. Ascarelli* and 

S. C. Brown, Department of Physics and Research 
Laboratory of Electronics, Massachusetts Insti- 
tute of Technology, Cambridge, Massachusetts 
(Received July 18, 1960). 


This paper describes a study of the recombi- 
nation of electrons and donors in n-type germa- 
ium at helium temperatures. The excess electron 
density is obtained by means of low-temperature 
breakdown. Experimental results indicate that 
the recombination probability varies approxi- 
mately with the inverse of the square of the tem- 
perature. Recombination light was detected. The 
origin of the disagreement of the present meas- 
urements with those published by Koenig is dis- 
cussed, and evidence is given to explain the dis- 
crepancies between the two measurements. The 
magnitude of the recombination cross section 
appears to depend on the binding energy of the 
electrons to the donor impurities, but large errors 
that are present in the determination of N4 are 
responsible for a large uncertainty in the absolute 
magnitude of the cross section. The cross sec- 
tions vary from 107 to 10°"! cm’. 


*Now at Department of Physics, University of Illinois, 
Urbana, Illinois. 


LINEAR DECREASE IN THE MAGNETOCRYSTAL- 
LINE ANISOTROPY. C. Abraham and A. Aharoni, 
Department of Electronics, The Weizmann Insti- 
tute of Science, Rehovoth, Israel (Received July 
18, 1960). 


In a previous paper, an attempt was made to 
reduce the theoretical coercive force by assum- 
ing the magnetocrystalline anisotropy constant to 
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vanish in a certain region. A modification of this 
assumption is made in the present work, namely, 
the magnetocrystalline anisotropy is taken as zero 
in a part of the “imperfection” region and increas- 
ing linearly to its constant value in the remaining 
part. The coercive force is calculated as a func- 
tion of two parameters: the dimensions of the zero 
and linear parts of the imperfection region. A 
further reduction in the coercive force is obtained 
with respect to the previous case, but there is 
still a large discrepancy between the calculated 
and experimental values, for reasonable defect 
size. 


HIGH- FREQUENCY REGION OF THE BREMS- 
STRAHLUNG SPECTRUM. R. H. Pratt, Insti- 
tute of Theoretical Physics, Department of 
Physics, Stanford University, Stanford, Cali- 
fornia (Received July 25, 1960). 


The McVoy- Fano theory of the connection be- 
tween the atomic photoelectric effect and the 
high-frequency region of the bremsstrahlung 
spectrum has been extended to next order in aZ. 
The contribution from p states is determined 
and is important in heavy elements. Predictions 
for the high-frequency limit are in reasonable 
agreement with experiment. Information is also 
obtained concerning angular distributions and 
polarization correlations. 


“REPULSION OF ENERGY LEVELS” IN COM- 
PLEX ATOMIC SPECTRA. Norbert Rosenzweig, 
Physics Division, Argonne National Laboratory, 
Argonne, Illinois, and Charles E. Porter, School 
of Physics, University of Minnesota, Minneapolis, 
Minnesota (Received August 2, 1960). 


It is shown that “repulsion of energy levels” of 
the same symmetry type occurs in complex atomic 
spectra. Thus, for the elements Hf, Ta, W, Re, 
Os, and Ir, for which the spin-dependent forces 
are relatively strong, the spacings between neigh- 
boring odd-parity levels of the same J value 
follow the Wigner distribution (approximately). 
For the elements Sc, Ti, V, Cr, Mn, Fe, Co, 
and Ni, for which the spin-dependent forces are 
relatively weak, a similar distribution is ob- 
tained for the odd-parity levels having fixed 
values for S, L, and J. (When the quantum num- 
bers S and L are disregarded, the same levels 
give rise to a distribution of spacings which is 
approximated by a random superposition of a 











1960 


nely, 
3 zero 
creas- 


func- 
= zero 


tained 


ted 
ect 


[S- 
‘i- 


1 aZ. 


tions 
le 

also 
id 


’M- 
weig, 
tory, 
School 
apolis, 


ls” of 

; atomic 
J, Re, 
rces 

) neigh- 
e 

sly). 
Co, 

s are 
b- 

d 

| num- 
vels 

h is 
a 





VoLUME 5, NUMBER 7 PHYSICAL REVIEW LETTERS OcToBER 1, 1960 





number of appropriately weighted Wigner dis- 
tributions.) For the elements Y, Zr, Nb, Mo, 
Ru, Rh, and Pd, for which the spin-dependent 
forces are of intermediate strength, the empiri- 
cal distribution of spacings between the odd levels 
of the same J value has a character which is in- 
termediate between the Wigner and exponential 
distributions. All of these observations are 
explained in terms of a statistical model for the 
Hamiltonian matrix in the S, L,J,7 representa- 
tion. Quantitative results are obtained for a 
relatively simple form of the model which de- 
pends on only two parameters, viz., the dimen- 
sionality N and the ratio p of the dispersions of 
the normal distributions for the off-diagonal 

and diagonal matrix elements. The transition 
from the exponential to the Wigner distribution 
occurs, roughly speaking, in the range of Nu? 
from 0 to 1. 


INTERACTION OF DIFFERENTLY EXCITED 

LIKE ATOMS AT LARGE DISTANCES. Robert S. 
Mulliken, Laboratory of Molecular Structure and 
Spectra, Physics Department, University of Chi- 


cago, Chicago, Illinois (Received August 1, 1960). 


The theory of long-range first-order interac- 
tion energies is discussed for two like odd-elec- 
tron atoms in different doublet states, for the 
case that spin-orbit coupling is smaller than the 
other splittings. The treatment involves some 
revision and some extension of previous work. 
At interatomic distances sufficiently large that 
overlap of the wave functions of the two atoms 
is negligible, only the first-order dispersion 
(dipole-dipole and higher multipole) forces re- 
main, but it is shown that even at rather large 
distances there often is sufficient overlap that 
valence forces predominate over first-order 
dispersion forces. 

It is shown that electron exchange between 
atoms is involved in an essential way for the 
first-order dispersion forces, even when there 
isno overlap. For the case of two H atoms it is 
shown further that the first-order dispersion en- 
ergy corresponds explicitly to a particular ex- 
change integral which represents precisely the 
mutual electrostatic energy, falling off approxi- 
mately as 1/R°, of two dipolar charge distribu- 
tions one on each atom. (All the other, valence- 
force, exchange integrals fall off exponentially 
with R.) Tables are given for the first-order 
dispersion splitting patterns (out to terms in 


1/R*) for the interaction of a ?P with a *S or with 
a *D atom. 

Finally, the first-order splittings for pairs of 
like even-electron atoms is discussed. The re- 
sults are simpler than for odd-electron atoms, 
and are applicable also to any pair of such 
atoms either in singlet states or in any states in 
which spin-orbit coupling is strong. For atoms 
both in, for example, triplet states with weak 
spin-orbit coupling, different formulas will be 
needed. 


BORN CROSS SECTIONS FOR INELASTIC SCAT- 
TERING OF ELECTRONS BY HYDROGEN ATOMS. 
Ill. 5s, 5p, 5d, 5f, 5g STATES. S. N. Milford,* 
Commonwealth Scientific and Industrial Research 
Organization, Sydney, Australia, and John J. 
Morrissey and Joseph H. Scanlon, St. John’s 
University, Jamaica, New York (Received July 
18, 1960). 


Born total cross sections are computed for the 
strong optically allowed transitions from n=5 to 
n'=6, at incident energies between 0.2 ev and 1361 
ev. Thirty energy values are considered for the 
5s to 6p and 5g to 6h cases, and nine for the other 
transitions. The cross sections obtained are 
larger than those of comparable transitions for 
lower n. The Bethe (dipole) approximation is also 
used, and is found to give good agreement with 
the Born results down to relatively low energies 
(=3 ev). 

*On sabbatical leave from St. John’s University, 
Jamaica, New York. 


THEORY OF THE HYPERFINE ANOMALIES OF 
DEUTERIUM, TRITIUM, AND He**. Daniel A. 
Greenberg and Henry M. Foley, Columbia Uni- 
versity, New York, New York (Received July 
18, 1960). 


The covariant equation for the three-body deu- 
terium system is discussed, and reduced to a 
three-dimensional equation for the case of instan- 
taneous two-body interactions. A noncovariant 
perturbation scheme, based on this three-dimen- 
sional equation, was employed to calculate the 
hyperfine structure (hfs) to order (am/M) (hfs) 
for ,H*, ,H®, and ,He**. The results are compared 
with the experimental values, and shown to be 
compatible. Final determination of the theoretical 
values and the adequacy of the theory is shown to 
depend critically on the determination of a num- 
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ber of experimental quantities, in particular on 


a more precise measurement of a, of the nucleon 
electric and magnetic form factors and associated 


nucleon polarization, of the presence and magni- 
tude of a two-nucleon spin-orbit potential, and 
of the singlet n - p effective range. 


(d, t) REACTIONS ON NUCLEI WITH A=60. B. 
Zeidman, J. L. Yntema, and B. J. Raz,* Argonne 
National Laboratory, Lemont, Illinois (Received 
May 9, 1960). 


Energy spectra of tritons from the (d, t) reac- 
tions on a number of nuclei with masses between 
A =51 and A =68 have been obtained at a deuteron 
energy of 21.5 Mev. The experiment was per- 
formed in the 60-in. scattering chamber, a 
double NaI crystal system being used for particle 
identification. The absolute differential cross 
sections were obtained at 27° (lab) and angular 
distributions of various triton groups were taken 
over a range of angles from 7° to 70°. The angu- 
lar distributions exhibit an oscillatory behavior 
and have been fitted with the Butler theory for 
neutron pickup. The angular distributions ob- 
served in the (d, t) reactions on V™ and Cr™ 
correspond to /=3 transitions, while in the case 
of the other nuclei studied (Mn**, Fe*®, Fe*”, 
Co™, Cu®, Cu®, Za“, Zn™, Za”, and Za™ 
both 7=1 and /=3 transitions have been observed. 
Evidence for the mixing of shell-model configu- 
rations is presented. The Butler formalism and 
empirically determined constants have been used 
to extract reduced widths. 


*Permanent Address: State University, College on 
Long Island, Oyster Bay, New York. 


ANALYSIS OF THE STRUCTURE OF NUCLEI 
FROM (d,?#) REACTIONS. B. J. Raz, Argonne 
National Laboratory, Argonne, Illinois, and 
State University, College on Long Island, Oyster 
Bay, New York, and B. Zeidman and J. L. 
Yntema, Argonne National Laboratory, Argonne, 
Illinois (Received May 9, 1960). 


The following work illustrates the use of ex- 
perimentally determined reduced widths from 
(d,t) reactions in analyzing the structure of the 
ground state of the target nuclei. The (d, 7?) re- 
action is an especially sensitive and almost 
unique experimental technique for measuring 
small components of nuclear wave functions. In 
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this role it becomes a valuable tool in investi- 
gating the presence of strong pairing forces in 
nuclei. This analysis demonstrates the strong 
mixing of the 2p,, and 1/,,. neutron states in the 
region around A =60. In contrast to this, nuclei 
with 28 neutrons show no observable mixing of 
states. Special attention is given to Fe” anda 
shell-model wave function is derived that gives 
the observed magnetic moment as well as the 
observed (d, ¢) reduced widths. In this connec- 
tion a simple general formula is presented for 
the magnetic moment of any shell-model wave 
function. 


RADIOACTIVE DECAY OF Tm'™ AND Tm’, 
R. G. Wilson and M. L. Pool, Department of 
Physics and Astronomy, Ohio State University, 
Columbus, Ohio (Received June 6, 1960). 


Erbium oxide samples enriched to 35.1% and 
14.1%, respectively, in the mass numbers 164 
and 162 were irradiated with 6-Mev protons. 
Activities decaying by electron capture with half- 
lives of (2.04+ 0.10) minutes and (77+ 4) minutes 
were produced and are assigned to Tm’ and 
Tm'™, respectively, by the identification of the 
erbium K x ray, comparison with the activities 
produced by similar proton irradiations of each 
of the other enriched isotopes of erbium, and by 
the existence in the 2.04- minute activity of a 
prominent gamma ray with the energy of the first 
excited level of Er'™ determined by Coulomb ex- 
citation. The gamma-ray spectrum of Tm'* 
consists of only the erbium K x ray, a gamma 
ray of 91 kev, and annihilation radiation; and 
that of Tm’, of the erbium K x ray and gamma 
rays of 102 and 236 kev. The three radiations 
observed in the decay of Tm’ are all in coinci- 
dence. Energy level schemes for the decay of 
these two new activities are proposed and branch- 
ing ratios are estimated from relative intensities. 


DECAY OF Ag'™ AND LEVELS IN Pd™. 

H. Nutley* and J. B. Gerhart, University of 
Washington, Seattle, Washington (Received July 
18, 1960). 


The radioactive decay of the isomers of Ag™ 
has been investigated using scintillation spectro- 
meters and a magnetic beta-ray spectrometer. 
Half-lives of (66+1) and (29.84 0.5) minutes were 
determined for the spin 5 and spin 2 isomers, 
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respectively. Conversion electrons correspond- 
ing to 15 gamma rays assigned to Pd’™ were ob- 
served. Two allowed positron transitions were 
detected: one of end-point energy (990+ 10) kev 
from the spin 5 isomer of Ag’; and the other 

of end-point energy (2705+ 15) kev from the spin 
2isomer. Gamma-gamma and beta-gamma coin- 
cidences were observed. The experimental data 
together with data obtained by other investigators 
are used to determine the spins and parities of 
the low-lying excited states of Pd’™. 


*Now at U. S. Army Security Agency Training Center 
and School, Fort Devens, Massachusetts. 


ENERGY LOSS AND EFFECTIVE CHARGE OF 
HEAVY IONS IN ALUMINUM. LL. C. Northcliffe, 
Yale University, New Haven, Connecticut (Re- 
ceived March 22, 1960; revised manuscript re- 
ceived September 1, 1960). 


Heavy-ion beams of fixed initial energy (E°/m 
10 Mev/amu) are passed through aluminum 
absorbers of known thickness and the emergent 
ions are analyzed by means of a magnetic spectro- 
graph to determine their charge and energy dis- 
tributions. Accurate measurements of the mean 
emergent ion energy as a function of absorber 
thickness are reported for beams of He*, B*°, 

BY, Cc, N*, Off, F!*, and Ne”’ ions with emer- 
gent energies in the range 10>E/m>1 Mev/amu. 
The results can be interpreted as measurements 
of the range-energy relation for heavy ions. 

While the absolute accuracy of the range meas- 
urements is approximately + 1 mg/cm’, the range 
difference R(E°) - R(E) is measured (as a function 
of E) with a typical accuracy of + 0.1 mg/cm?. In 
the analysis the shape of the heavy-ion range- 
energy curve is compared with the accurately 
known shape of the proton range-energy curve 
[using the conversion factor AR =m Z,?(m,Z?)"} 
XA4R,]| and the differences in shape are attributed 
to deviations of the effective charge of the ion 
from its nuclear charge. No detectable difference 
is found between the shape of the range-energy 
curve for He* ions and for protons. For heavier 
ions, deviations in the curve shape do occur. A 
simple empirical formula is found for the effec - 
tive charge of an ion as a function of its velocity 
which is consistent with the deviations of the 
observed range-energy curves and presumably 
can be used to predict the range-energy curves 
for ions not investigated experimentally. By an 
independent analysis of the spectrograph data 


the equilibrium distribution of charge states in 
the O'* beam is determined as a function of emer- 
gent beam energy. The effective charge implied 
by the charge-state distribution is found to be 
consistent with the effective charge as given by 
the empirical formula. 


ENERGY LOSS MEASUREMENTS FOR HEAVY 
IONS IN MYLAR AND POLYETHYLENE. Philip 
E. Schambra and Andrew M. Rauth, Department 
of Biophysics, Yale University, New Haven, Con- 
necticut, and L. C. Northcliffe, Department of 
Physics, Yale University, New Haven, Connect- 
icut (Received March 22, 1960). 


The energy loss of C’*, O'*, and Ne” ions in 
passage through foils of Mylar and polyethylene 
has been investigated for incident ion energies 
of 10 Mev/amu and emergent ion energies in the 
region from 10 to 1 Mev/amu. The ion energies 
were measured with a magnetic spectrograph. 
The variation of emergent ion energy with ab- 
sorber thickness (essentially the range-energy 
relation) is reported and compared with similar 
results for the same ions in aluminum. Within 
experimental error, the curves for Mylar and 
polyethylene differ from those for aluminum only 
in the scale of absorber thickness. For the same 
energy loss, the ratio of absorber thicknesses 
(in mg/cm?) is 0.783 for Mylar to aluminum, and 
0.692 for polyethylene to aluminum. 


RADIOACTIVE DECAY OF Lu’ AND LEVEL 
SCHEMES FOR Yb"! AND Yb’®. R. G. Wilson 
and M. L. Pool, Department of Physics and 
Astronomy, Ohio State University, Columbus, 
Ohio (Received March 14, 1960; revised manu- 
script received August 31, 1960). 


Ytterbium oxide enriched to 93.8% in the mass 
number 171 was irradiated with 6- Mev protons. 
An activity decaying by electron capture with a 
half-life of (8.28+ 0.04) days was produced and 
its assignment to Lu’™ confirmed by the identifi- 
cation of the ytterbium K x ray and by compari- 
son with the activities produced by similar pro- 
ton irradiations of each of the other enriched 
isotopes of ytterbium. The radiations observed 
in this activity were the L and K x rays of ytter- 
bium and gamma rays with energies of 72-76, 
668+ 7, 74043, and 841+8 kev. Because neither 
particle nor annihilation radiation exists in this 
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activity, the mode of decay is solely by electron 
capture to Yb’. Gamma-gamma coincidence 
measurements were performed for the observed 
radiations. An energy level scheme has been 
constructed for the decay of Lu’” using the re- 
sults of the gamma-gamma coincidence meas- 
urements, an energy analysis of the conversion 
electron data, and calculations of transitions in- 
tensities for various trial multipole orders. 
Levels in Yb!” at 0 (1/2- [521]), 66.7 (3/2- 1/2), 
75.9 (5/2- 1/2), 95.1 (7/2+ [633], 7>10°° sec), 
122.4 (5/2- [512]), 167.3 (9/2+ 7/2), 208.1 (7/2- 
5/2), 230.5 (7/2- 1/2), 246.5 (9/2- 1/2), 317.3 
(9/2- 5/2), (350), 835 (7/2- [514]), 862 (possibly 
5/2+ [642]), 935 (9/2+ [624]), and 949 (7/2) kev 
account for thirty of thirty-one transitions re- 
ported for this activity. Transition probabilities 
and branching ratios for the electron capture de- 
cay have been calculated. Eighty-four percent 

of the disintegrations of the 7/2+ [404] ground 
state of Lu’”' occur to the 7/2- [514] state at 835 
kev in Yb'"*. The previously reported 600-day 
activity of Lu’”* was not found. An energy level 
scheme for the decay of Lu’® (1.5 days) as re- 
ported by other workers is proposed with levels 
in Yb*® at 0 (7/2+ [633]), 24.2 (1/2- [521]), 70.9 
(9/2+ 7/2), 87.0 (3/2- 1/2), 99.3 (5/2- 1/2), 
161.7 (11/2+ 7/2), 191.4 (5/2- [512]), 244.0 (7/2- 
1/2), 264.5 (9/2- 1/2), 278.7 (7/2- 5/2), 389.7 
(9/2- 5/2), 523.1 (11/2- 5/2), 570.5 (5/2+ [642]), 
648.2 (7/2- [514]), 962.2, 1451.6 (9/2+ [624]), 
1456 (9/2), and 1465 (9/2) kev and, with less cer- 
tainty, at 488.9 (11/2- 1/2), 798, 870, 953, and 
973 kev. This scheme accounts for 53 observed 
transitions following the decay of Lu’®. The 
ground state of Lu’® is probably the 9/2- [514] 
orbital also assigned to the ground state of Lu’”’. 
This scheme is based upon an energy analysis 

of the reported transitions, intensity calculations 
for various trial multipole orders, and analogy 
with the scheme proposed for Yb'"'. 


COULOMB EXCITATION OF STATES IN Th?” 
AND U***. F. K. McGowan and P. H. Stelson, 
Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (Received August 1, 1960). 


The yield of gamma rays resulting from Cou- 
lomb excitation of states in Th*** and U*** with 
protons of 4- to 6-Mev energy have been meas- 
ured. Gamma rays of 790-, 740-, and 613-kev 
energy from Th? and of 1.02-Mev energy from 
U*** are observed. For Th?, the variation in 
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gamma-ray yields with proton energy, the re- 
sults from gamma-ray angular distributions, 
and the linear polarization measurements are 
consistent with the direct excitation of a 2+ state 
at 790 kev which decays by means of E2 radia- 
tion to the J=0+ and 2+ members of the ground- 
state rotational band. In view of the recent re- 
sults from internal conversion electron meas- 
urements at Rice University, the 613-kev gamma 
ray is interpreted to be a transition from a 2+ 
8-vibrational state at 773 kev to the 4+ state at 
163 kev. An interpretation of the observed 
gamma-ray yields is carried out taking a ;- 
vibrational state at 790 kev and a §-vibrational 
state at 773 kev. The B(E2), of the 2+ state at 
50 kev in Th?*? is about 150 times the single- 
particle estimate. The B(E2), of the vibrational 
states in Th?*? and U*** are between 2 and 4 times 
the single-particle estimate. Combining Bern- 
stein’s relative internal conversion electron 
yields with our gamma-ray data, a value of (8+ 2) 
10°? for the strength parameter p is obtained 
for the £0 transition between the 2+ state at 773 
kev and the 2+ state at 50 kev in Th?*. 


EXCITATION FUNCTION OF THE REACTION 
Be*(Li’, Li®)Be*®. Robert J. Gerbracht and Byron 
L. Youtz, Reed College, Portland, Oregon (Re- 
ceived June 29, 1960; revised manuscript received 
August 31, 1960). 


The cross section and thick-target yield as a 
function of energy are derived for the reaction 
Be*(Li’, Li®)Be® over the laboratory energy range 
1.1 to 4.0 Mev. A model is assumed in which the 
Li’ picks up the final, loosely-bound neutron of 
Be® only at radial positions considerably outside 
the nuclear surface, direct reactions being pre- 
vented by the Coulomb repulsion. 


NUCLEAR DEFORMATION IN THE SPHEROIDAL 
SHELL MODEL. Kiuck Lee* and D. R. Inglis, 
Argonne National Laboratory, Argonne, Illinois 
(Received July 18, 1960). 


In the usual shell-model procedure, the effec- 
tive Hamiltonian contains only half the sum of 
the shell-model potentials of nucleons in order 
to avoid counting average pairwise interactions 
twice. Because of the factor one-half, the non- 
diagonal elements of this Hamiltonian in the har- 
monic oscillator representation do not vanish, 
but they have been neglected in previous calcula- 
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tions of nuclear deformations by Nilsson and 
others, in which one minimizes total shell-model 
energy at constant volume. It is here shown in 
typical cases (without taking spin-orbit coupling 
into account) that the equilibrium deformation is 
unaltered in second and third order and that the 
fourth-order modification arising from the non- 
diagonal elements is very small. The relation 

of these nondiagonal elements to those of the 
pairwise interactions is also discussed. 


*Now at Marquette University, Milwaukee, Wisconsin. 


NUCLEAR ORIENTATION OF IODINE BY ELEC- 
TRIC hfs ALIGNMENT. C. E. Johnson,* J. F. 
Schooley, and D. A. Shirley, Lawrence Radia- 
tion Laboratory and Department of Chemistry, 
University of California, Berkeley, California 
(Received July 8, 1960). 


Nuclear alignment of iodine in a single crystal 
of copper p-iodobenzenesulfonate at a tempera- 
ture of about 0.03°K has been detected by meas- 
urement of the anisotropic angular distribution 
of gamma radiation from aligned I'**. No evi- 
dence was found for a nuclear spin-lattice re- 
laxation time longer than a few seconds. The 
spin of the 637-kev level in Xe**' was established 
as 5/2, and the E2/M1 mixing ratio of the 364- 
kev transition was found to be 6=-6.7+0.5. The 
quadrupole coupling constant eQq/h was found to 
be -950+ 190 Mc/sec. 


*Present address: Atomic Energy Research Establish- 
ment, Harwell, England. 


REDETERMINATION OF (p,y) RESONANT EN- 
ERGIES USED AS FIXED POINTS ON THE HIGH- 
ENERGY SCALE. S. E. Hunt, R. A. Pope, D. V. 
Freck, and W. W. Evans, Research Laboratory, 
Associated Electrical Industries Limited, Alder- 
maston, Berkshire, England (Received July 5, 
1960). 


In order to clear up a discrepancy in the exist- 
ing absolute measurements of (p,y) resonances, 
the proton energies at which strong fluorine and 
aluminum (p,y) resonances occur were meas- 
ured using a 36-in. radius absolute electrostatic 
analyzer and compared with measurements for 
the lowest energy fluorine resonance which had 
been measured previously using a 12-in. absolute 
electrostatic analyzer. An accuracy of one part 
ina thousand is claimed for both instruments 


and the disagreement was found to be less than 
1.5 parts in a thousand. Weighted mean values 
of fluorine resonances, based on two analyzers, 
were found to be 340.74 0.3 kev, 484.3+0.3 kev, 
873.5+0.7 kev, 1347.7+1.0 kev, and 1373.7+0.8 
kev. These are compared with the values ob- 
tained by other workers in this field, and found 
to be in good agreement with those of Herb et al. 
and Bondelid et al., but discrepancies exist be- 
tween the present measurements and those of 
Bumiller et al. 


MEASUREMENT OF THE ROTATION PARAM- 
ETER, R, IN PROTON- PROTON SCATTERING 
AT 140 Mev. E. H. Thorndike, J. Lefrancois, 
and Richard Wilson, Cyclotron Laboratory, Har- 
vard University, Cambridge, Massachusetts 
(Received July 28, 1960). 


The proton- proton rotation parameter R has 
been measured at a laboratory energy of 140.5 
Mev over a range of scattering angles 0, by 
means of a triple scattering experiment. The 
following values were obtained: at 6,(lab)=15°, 
-0.252+ 0.030; 20°, -0.227+ 0.028; 25°, -0.271 
+ 0.035; 30°, -0.146+ 0.037; 35°, -0.151+0.055; 
40°, -0.047+ 0.080. 


RADIOACTIVE DECAY OF Pm’, Pm**, AND 
Pm**®, E. G. Funk, Jr., J. W. Mihelich, and 
C. F. Schwerdtfeger, University of Notre Dame, 
Notre Dame, Indiana (Received July 18, 1960). 


The decay of Pm***, Pm™*, and Pm"™® has been 
studied with permanent magnet spectrographs, 
an intermediate-image beta spectrometer, and 
scintillation counters. Results on the electron- 
capture decay of Pm™** and Pm™ confirm the 
findings of previous investigators. The results 
of gamma-gamma directional correlation meas- 
urements are consistent with the spin assign- 
ments for the Nd’ levels made by Ofer. Pm’**® 
(T,2~ 710 days) is found to decay both by beta 
emission to a level of 749 kev in Sm™® and by 
electron capture to levels of 453 and 1198 kev in 
Nd'*®, The percentage branchings are 35%, 35%, 
and 30%, respectively. Gamma-ray transitions 
of 453 and 745 kev in cascade in Nd"*® and 749 
kev in Sm** are observed. The end-point energy 
for the beta-decay branch is measured to be 779 
kev. The beta spectrum appears to have an al- 
lowed shape but the experimental data are not 
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precise enough to rule out a forbidden shape. 
Directional correlation and internal conversion 
coefficient measurements are most consistent 
with a 3+ assignment for the 1198-kev level in 
Nd***, with a 2+ assignment being possible, but 
less likely, since the cross-over transition is 
absent or extremely weak. 


PHOTONEUTRON DISINTEGRATION BELOW 
THE GIANT RESONANCE: BERYLLIUM-9 AND 
CARBON-13. N. C. Francis and D. T. Goldman, 
Knolls Atomic Power Laboratory, Schenectady, 
New York, and E. Guth, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee (Received 
July 28, 1960). 


The photoneutron cross sections of Be® and C™ 
have been calculated. A single-particle model 
is used to describe the incident bound and final 
continuum distorted states. With reasonable 
potential well parameters, the calculated Be(y, ) 
cross section near threshold is in agreement 
with experiment. Cross sections for transitions 
to both the a, and d,, final states in C’ are 
calculated for y-ray energies below 10 Mev. The 
calculated cross section is three times as large 
as the measured value at 6.4 Mev. The thermal 
neutron capture cross section in C’ was calcu- 
lated and the error persisted in magnitude and 
sign. Origins of the inaccuracies in the model 
are discussed. Angular distribution and polari- 
zation formulas are presented. 


BETA-GAMMA DIRECTIONAL CORRELATION 
IN Rb® AND Eu'**. Helmut J. Fischbeck* and 
Roger G. Wilkinson, Indiana University, Bloom- 
ington, Indiana (Received March 18, 1960; 
revised manuscript received August 11, 1960). 


Measurements are reported on the energy 
dependence of the beta-gamma angular correla- 
tion coefficient in the special first forbidden 
cases of Rb® and Eu'®*. Energy selection of the 
beta rays was accomplished with a magnetic 
beta-ray spectrometer having good transmission. 
It is shown that Rb® cannot be analyzed in terms 
of the so-called modified B;; approximation. The 
Eu’ decay, on the other hand, can be treated 
quite satisfactorily in this approximation. It is 
concluded in this case that a strong selection 
rule effect is operative to suppress certain of 
the matrix elements relative to Bjj. The nuclear 


356 


parameter Y (Kotani’s notation) is found to be 
0.69+ 0.06. This agrees well with the value which 
results from the measured spectrum shape 
factor. 


*Now at the University of Michigan, Ann Arbor, 
Michigan. 


GROUND STATES OF ODD-ODD NUCLEI. A. de- 
Shalit* and J. D. Walecka, Institute of Theoreti- 
cal Physics, Department of Physics, Stanford 
University, Stanford, California (Received July 
21, 1960). 


The spectrum of odd-odd nuclei is investigated 
with a general interaction of the type V, +36,-6,V,. 
It is shown that an inspection of the properties 
of some Racah coefficients is enough to determine 
the ground-state spin for particle-particle or 
hole-hole configurations in most cases. The re- 
sults agree qualitatively with empirical evidence 
summarized by Brennan and Bernstein if V, and 
V, are both attractive; this agreement is insen- 
sitive to the range and other details of either V, 
or V;. 

*On leave from the Weizmann Institute of Science, 
Rehovoth, Israel. 


ELASTIC SCATTERING OF PROTONS BY He*® 
AND OF NEUTRONS BY H®. M. I. Ali, A. Hos- 
sain, M. Islam, and A. Q. Sarker,* Department 
of Physics, University of Dacca, East Pakistan 
(Received August 11, 1958; revised manuscript 
received February 26, 1960). 


The differential scattering cross sections for 
the elastic scattering of protons by He® and of neu- 
trons by H® were calculated at the center-of-mass 
energies 7.31, 6.45, 3.72, and 10.72 Mev, re- 
spectively, on the basis of the nuclear shell mod- 
el with a spin-orbit interaction term. The cal- 
culations were made with a square-well potential 
and the effect of changing the shape of the well 
was illustrated. The calculated cross sections 
with the square-well potential were found to be 
in better agreement in the backward direction 
with the measured cross sections than those with 
shaped potential well. The polarization of the 
scattered particles has been calculated so that 
the double scattering experiments will test the 
theory. 


*Now at the Department of Physics, University of 
Rajshahi. 
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MEASUREMENTS OF SPATIAL ASYMMETRIES 
IN THE DECAY OF POLARIZED NEUTRONS. 

M. T. Burgy, V. E. Krohn,* T. B. Novey, and 

G. R. Ringo, Argonne National Laboratory, 
Argonne, Illinois, and V. L. Telegdi, University 
of Chicago, Chicago, Illinois (Received July 22, 
1960). : 


A series of experiments has been carried out 
to examine the spatial symmetry properties of 
the beta decay of the free neutron. Measure- 
ments of angular distributions of the electrons 
and protons coming from the decay of polarized 
neutrons have shown that the correlation coeffi- 
cient between the directions of electron momen- 
tum and neutron spin is -0.11+ 0.02 and that be- 
tween the antineutrino momentum and the neu- 
tron spin is 0.88+0.15. The coefficient of the 
term proportional to the scalar triple product of 
antineutrino momentum, electron momentum, 
and neutron spin (which is not invariant under 
time reversal) is 0.04+0.05. All these results 
are consistent with the A-V theory of beta de- 
cay. Details of measurement techniques and 
the method of producing a beam of polarized 
neutrons are given. 


*Presently at Ramo-Wooldridge, Canoga Park, Cali- 
fornia. 


FISSION OF Au’®’? AND Bi?” BY C’” AND 07° 
PROJECTILES. Harold C. Britt and Arthur R. 
Quinton, Yale University, New Haven, Connecti- 
cut (Received July 26, 1960). 


Using a proportional counter, measurements 
have been made of the fission fragment angular 
distributions, kinetic energy spectra, and the 
total fission cross sections for the reactions 
C+Au, O+Au, C+Bi, and O+Bi at bombarding 
energies of 10.5 Mev per nucleon and for the 
C+Bi reaction at energies from 72 Mev to 126 
Mev. The results show the kinetic energy spec- 
tra to be independent of the excitation of the com- 
pound system and the most probable fragment 
kinetic energies to be 75+ 3 Mev and 81+3 Mev 
for the gold and bismuth target reactions, re- 
spectively. In all cases the fission cross sec- 
tions are found to be only 60-80% of the esti- 
mated compound nucleus formation cross sec- 
tions. The angular distributions are fitted by 
the theory of Halpern and Strutinski, and an 
attempt is made to determine some of the quali- 
tative features of these heavy-ion reactions. 


MAGNETIC RESONANCE DETERMINATION OF 
THE NUCLEAR MOMENT OF TANTALUM-181 
IN KTaO,. Lawrence H. Bennett, National 
Bureau of Standards, Washington, D. C., and 
J. I. Budnick, International Business Machines, 
Watson Laboratory, New York, New York (Re- 
ceived July 29, 1960). 


The nuclear magnetic moment of Ta’ is found 
from the nuclear magnetic resonance of Ta’™ in 
KTaO,. The uncorrected value of the moment is 
2.3404 0.001 nm. Consideration of diamagnetic 
shielding effects and a possible second order 
paramagnetic correction leads to the estimated 
value of » =2.35+ 0.01 nm. 


COULOMB DISSOCIATION OF BEAM PARTI- 
CLES. M. L. Good and W. D. Walker, Univer- 
sity of Wisconsin, Madison, Wisconsin (Received 
May 26, 1960). 


The possibility of the dissociation of beam par- 
ticles by the Coulomb field of the nucleus is dis- 
cussed. The process is very similar in nature 
to the well-known electromagnetic processes of 
pair production and bremsstrahlung. Analogous 
processes might be (a) 1” + zNA+p+n+zNA, and 
(b) p+ zNA. p+1%+ zN. These processes will 
probably have a sizable cross section for occur- 
rence at energies greater than 74 Bev for (a) 
and 14 Bev for (b) if Pb is used as the target 
material. The useful feature of this sort of re- 
action is that in essence one can do photoproduc- 
tion experiments on unstable particle targets. 
(Piccioni has pointed out the possibility of dis- 
integrating 7 mesons.) Cross-section estimates 
for dissociation can be made using the Weiz- 
sacker-Williams approach. 


DIFFRACTION DISSOCIATION OF BEAM PAR- 
TICLES. M. L. Good and W. D. Walker, Univer- 
sity of Wisconsin, Madison, Wisconsin (Received 
May 26, 1960). 


A phenomenon is predicted in which a high- 
energy particle beam undergoing diffraction scat- 
tering from a nucleus will acquire components 
corresponding to various products of the virtual 
dissociations of the incident particle, as p-A +Kt 
or 1" ~p+n. These diffraction-produced systems 
would have a characteristic extremely narrow 
distribution in transverse momentum, and would 
have all the same quantum numbers as the initial 
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particle; i.e., the same spin, isotopic spin, and 
parity. The process is related to that discussed 
in the preceding paper, and has the same effec- 
tive energy threshold. 


CROSS SECTION AND POLARIZATION IN THE 
PHOTODISINTEGRATION OF THE DEUTERON. 
M. L. Rustgi, W. Zernik,* G. Breit, and D. J. 
Andrews, Yale University, New Haven, Connecti- 
cut (Received June 30, 1960). 


The differential cross section and polarization 
of nucleons from the H?(y,)H’ reaction is in- 
vestigated arranging calculations by means of 
the amplitude method. Electric dipole, electric 
quadrupole, and magnetic dipole transitions are 
considered taking into account coupling between 
states with the same L but different J such as 
produced by the tensor potential. The calcula- 
tions include the general case of elliptically 
polarized gamma rays. Numerical results are 
obtained for two modified versions of the Signell- 
Marshak two-nucleon potential. Five approxi- 
mations have been used to exhibit the effects of 
the various multipole transitions. The calcula- 
tions agree with experiment rather well even at 
energies for which the potential used does not 
represent scattering data at all perfectly. The 
significance of polarization measurements is 
discussed. 


*Now at Argonne National Laboratory, Lemont, Illinois. 


POSITIVE PION PRODUCTION IN p - p COLLI- 
SIONS AT 420 Mev WITH POLARIZED PROTONS. 
Robert H. March, * The Enrico Fermi Institute 
for Nuclear Studies and The Physics Department, 
The University of Chicago, Chicago, Dlinois 
(Received July 25, 1960). 


The asymmetry in the production of positive 7 
mesons in p - p collisions has been studied, using 
a 420-Mev, 62% polarized proton beam from the 
Chicago synchrocyclotron, with nuclear emulsions 
as the pion detector. The asymmetry at 65° in 
the laboratory for the entire spectrum above 20 
Mev in the center-of-mass system is found to be 
0.151+0.021, in the direction opposite the elastic 
scattering that produced the polarized beam. In 
the region of the spectrum above 40 Mev, results 
are consistent with those found by other authors 
for the reaction p+p—1* +d; at lower energies 
where pions associated with final nucleon p states 
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become predominant, the asymmetry decreases 
rapidly and may possibly reverse. 


*Now at the University of Wisconsin, Madison, 
Wisconsin. 


SPIN-ORBIT CORRELATIONS IN yp -e AND e~-e~ 
SCATTERING. A. O. Barut* and C. Fronsdal,f 
CERN, Geneva, Switzerland (Received July 28, 
1960). 


The imaginary part of the fourth order matrix 
element for the electromagnetic scattering of 
two fermions gives rise to a small dependence 
of the cross section on the quantity s-p, xk, , 
where § and p, are the spin and momenta of one 
of the initial particles, and k, is the momentum 
of the same particle after scattering. The re- 
sulting angular asymmetry can probably be 
measured. The effect does not occur in the low- 
est order of scattering. 


*Permanent address: Physics Department, Syracuse 
University, Syracuse, New York. 

tPresent address: Physics Department, University 
of Pennsylvania, Philadelphia, Pennsylvania. 


PHOTODISINTEGRATION OF THE DEUTERON 
FROM 500 TO 900 Mev. H. Myers,* R. Gomez, 
D. Guinier, * and A. V. Tollestrup, California 
Institute of Technology, Pasadena, California 
(Received July 21, 1960). 


The reaction y +d -p+n has been studied for 
photon energies between 500 and 900 Mev. Brems- 
strahlung from the California Institute of Tech- 
nology electron synchrotron was incident on a 
liquid deuterium target. Measurements of the 
energy and angle of the protons arising in the 
interactions were sufficient to establish that 
photodisintegration without pion emission oc- 
curred and also to determine the energy of the 
photon which gave rise to the detected proton. 
An excitation curve was obtained at 90° in the 
laboratory and angular distributions were meas- 
ured for photon energies of 500 and 700 Mev. 
The total cross section decreased smoothly from 
7 ub at 500 Mev to 1 ub at 900 Mev. 


*Now at Cambridge Electron Accelerator, Cambridge, 
Massachusetts. 
tDeceased. 
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HIGH-ENERGY PION-NUCLEUS SCATTERING. 
Mirza A. Baqi Bég, Department of Mathemati- 
cal Physics, The University of Birmingham, 
Birmingham, England (Received July 18, 1960). 


It is suggested that an inconsistency in the 
customary treatment of Pauli principle effects 
is responsible for the discrepancy between the 
experimentally observed scattering cross sec- 
tions of high-energy pions on nuclei and the 
values calculated from two-body amplitudes in 
the impulse approximation. The effect consid- 
ered, and briefly discussed within the frame- 
work of a ¢-matrix theory, is the inverse eclipse 
effect noted by Glauber. Results are stated for 
the optical potential and the effective cross sec- 
tion and numerical values are quoted for nega- 
tive pions on C”?, 


GEOMETRIC THEORY OF CHARGE. H. Ekstein,* 
Argonne National Laboratory, Argonne, Illinois, 
and Imperial College, London, England (Re- 
ceived June 13, 1960). 


The symmetry properties of elementary par- 
ticles—in particular the number of linearly in- 
dependent states with a fixed mass and momen- 
tum-can be explained by relativistic covariance 
alone, if the irreducible representation assigned 


to particles with antiparticles is chosen so that 
it contains 2(2s +1) linearly independent states 
for fixed mass and momentum. No nongeometric 
symmetry element such as charge conjugation is 
introduced. The existence of superselection 
rules within these irreducible representations is 
made necessary by the postulate that time-re- 
versal invariance be directly verifiable. In this 
representation, the space-inversion operator 
has the same effect as the product PC in the 
usual representation. A charge operator Q is 
defined and it is shown that all physically realiz- 
able states are eigenstates of Q with integral 
eigenvalues. For “simple” particles, Q can 
have only the eigenvalues 0, +1. 


*Permanent Address: Argonne National Laboratory, 
Argonne, Illinois. 


UNIQUENESS PROPERTY OF THE TWO-FOLD 
VACUUM EXPECTATION VALUE. Paul G. 
Federbush and Kenneth A. Johnson, Department 
of Physics and Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts (Received June 14, 1960). 


It is shown under general assumptions that if 
the one-body Green’s function equals its free- 
field value the theory is that of a free field. 
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